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1.0 INTRODUCTION

This report presents the results of the first phase of the Antenna Evaluation
Study for the Shuttle Multispectral Radar (SMR). The original goals of

Phase I were to make preliminary indentification cf those critical parameters
of the Shuttle Multispectral Radar Antenna (SMRA) which most affect antenna per-
formance and to write a first draft of specifications for the subarrays

which will be analyzed in Phases III and IV. During the course of this
research it was decided to expand the scope of Phase I to include the develop-
ment of a preliminary mathematical model cescribing SMRA performance under

the influence of various physical and environmental factors. Th .: was
necessary to identify those key antenna parameters and environmental conditions
which might degrade SMRA performance. This has allowed more time in Phase

II for the simulation and study of critical factors which may create or

influence these error-causing conditions.

1.1 Some Projected User Needs

A key and as yet not completely answered question is the instrumentation
requirement of the rather nebulously defined user community. Studies by
Hughes Aircraft Co. and JPL have suggested L and X-bands as a dual-frequency
choice best suited to the needs of potential users, yet realizable in terms
of development. In addition, dual polarization capability has been specified

along with three incidence angles and various swath widths.

Space radars with imaging capabilities have a considerable potential appli-
cability in the following areas:

1. Soil moisture determination

2. Flood area monitoring

3. Crop discrimination

4. Crop yield estimates

S. Plant biomass

6. Mineral and petroleum exploration

7. Sea and lake ice mapping

8. Iceberg monitoring



These application areas have been discussed in two Active Microwave Workshops
(Fall, 1974 and Fall, 1976 at NASA/JSC) along with an additional October, 1976
Shuttle Multispectral Radar Applications Meeting held at NASA/JSC. These
meetings have also pointed out that L and X~-bands are not optimum for some
prime application areas. For example, C-band and Ku-band are optimum for
soil moisture measurement and vegetation classification, respectively. At
the time of this writing, the user groups have not been able to agree on two
optimum frequencies best suited for the broadest range of application; this
has imposed additional delays on detailed specification of optimum incidence
angles, registration of cross-band beams, etc. For example, it has been
shown that soil moisture determination is best carried out at about 4.5 GHz
and for incidence angles in the 7° - 12° range, whereas crop classification
is optimally accomplished at 14 GHz and with a 40° - 50° incidence angle

range.

This situation of uncertainty requires that the present antenna study incor-
porate frequencies ranging from 1.2 - 14.5 GHz as well as a consideration of
incidence angles from near-nadir to nearly 500. In fact, one of the eventual
goals of this project is to provide simulated performance data at a variety

of frequencies, incidence angles, etc.; this may impose additional hardware-

related restrictions on finalized choices of SMR design parameters.

1.2 The Need For A Comprehensive and Independent Antenna Evaluation
Study

The Shuttle Multispectral Radar Antenna, being an electrically large

radiator, has several characteristics that require a thorough analysis.
Preliminary studies indicate that the SMRA must be a large structure, on the
order of 12 m by 3 m which can operate in a space environment. The determina-
tion of its electrical behavior (gain, beamshape, pointing accuracy, etc.)

is vital to the calibra. .n of the overall SAR system and thus to the success
of the mission itself. Since the antenna development cost is by far the
largest system development budget item, it is economically imperative that
critical antenna parameters and potential calibration problems be identified

early in order to avoid costly mechanical and electrical redesign phases



which might otherwise be requiréd. In effect, a macro developmental and
simulation exercise such as described herein seeks to clearly identify

at a very early stage those most likely technological problem areas which

invariably accompany the development of a state-of-the-art instrument such

as the Shuttle Multispectral Radar; this not only helps to avoid costly develop-
ment errors but alsc permits a realistic prediction of the performance of

the instrument itself and thus allows design/performance tradeoffs to be

made at a much earlier stage of development.

The hug: electrical size of the totali antenna structure suggests that conven-
tional techniques for measurement of important electrical parameters will be
of little use and that novel calibration schemes must be devised. In addition,
electrical and mechanical tolerance errors, particularly systematic ones,

are more likely to seriously degrade the performance of a large antenna. In
preliminary investigations by Hughes Aircraft Co. and Ball Brothers Research
Corp., the antenna configuration and size was specified, but no bounds were
placed on tolerance errors or performance indices. These bounds should be
determined as soon as pcssible to avoid the expense of constructing either

an antenna whose parameters are overly restricted or an antenna whose perfor-

mance will be inadequate for the desired applications.

In addition to determining antenna performance in an idealized environment,

it is also necessary to predict in situ performance and to devise means for
assurance of calibration stability. This prediction requires an adequate
mathematical model which describes the SMRA performance including space
environmental factors such as thermal gradient effects on electrical flatness,
beam pointing stability, material stability in a near-vacuum environment,

and effects of multiple scatter from the shuttle bus itself.

Although the effect of the SAR processor on the synthetic antenna performance
has not been considered in this report, it will be discussed in subsequent
reports. The quality of the image processors currently being considered may
have little effect on the image if the antenna performance is significantly
degraded by external factors, or vice versa. A related consideration is the

study of realistic .ystem calibration tecnniques. .,stem development must



be planned with calibration as an in-egral part of the design process;
calibration must not be an afterthought. Since the SMR can only be calibrated
to within a specified uncertainty, the antenna should not be overspecified

to a level which cannot even be measured. For example, it should be possible
to answer the question, "What level of antenna cross-polarization rejection

is actually necessary in light of: 1) user requirements, and 2) ability to

calibrate cross-polarized performance?"

1.3 A Two-Path Approach To The Antenna Study Problem

An answer to the questions in the last section requires the development of
both mathematical techniques and computer programs to analyze random and
systematic electrical and mechanical SMRA errors, and a method of measuring
and testing antennas representing the competing approaches. This dual
approach has been followed in Phase I and will continue to be used in subse-

quent phases.

The mechanical model and computer simulation relate electrical and mechanical
tolerances to performance indices. The model is being designed to that
tradeoffs can be made between the quality of performance and the expense of
tight tolerances. It is also capable of predicting SMRA verformance under
various space environmental conditions. Finally, through analysis of the
results of several simulations, the model is able to flag any possible
problems that one of the competing designs might incur. In Phase I antenna
parameters have been ida2ntified which are critical to both antenna and
system performance. Furthermore, a preliminary mathematical model and a
computer program have been developed and tested. Subsequent phases will

deal with refinement of the model and the simulation of a number of scenarios.

The measurement/testing problems can be alleviated by performing appropriate
tests on macro model subarray antennas representing the competing design
approaches. These measurements will include near-field and far-field electrical
performance tests and thermal cycling tests with mechanical flatness measure-
ments. The results of these tests will be entered into the SMRA simulation
model to predict the performance of the full size array. 1In Phase I, those

parameters which must be measured have been identified.



1.4 Scope of Work

This report presents the results of several activities associated with the
development of the mathematical model, the computer program, and the subarray
panel requirement. These activities were:
1. A review of the antenna designs from the definition phase.
2. An identification of critical SMRA performance parameters.
3. An identification of conditions which may degrade SMRA performance.
4. An identification of factors which may create or influence error-
causing conditions.
5. The development of a preliminary SMRA mathematical model.
6. The organization of the SMRA computer simulation program.
7. A demonstration of the flexibility of the SMRA computer program.
8. The identification of requirements nd specifications for the
subarray panels.
9. The development of an interface data tape for the University
of Texas Applied Research Laboratory image processor simulation

program,

The prinicpal results obtained to date are:
1. A cause-effect relationship for various environmental and physical
factors on the antenna electrical and mechanical behavior.
2. A baseline mathematical model for the electrical and mechanical
behavior of the SMRA in a space environment.
3. A compilation of results of the simulation of the baseline designs
for both competing approaches and several sample scenarious

demonstrating the flexibility of the mathematical simulation.



2.0 IDENTIFICATION OF IMPORTANT PARAMETERS, THEIR EFFECT ON SMR SYSTEM
PERFORMANCE AND POSSIBLE TRADEQFFS

2.1 A Review Of The Antenna Designs From The Definition Phase

A revicw of the candidate SMR system approaches and synthetic aperture
techniques was conducted early in Phase I in order to establish a familiarity
with both the antennas themselves and the interaction between the antenna

and the image processor. It was found that although preliminary specifications
had been placed on some of the antenna parameters, there was not a tclerance
budget (or rationale for one} for each major component of the overall system.
Because the performance of the overall system is set by both the antenna and
the image processor, and because these cannot be designed independently, it

is our opinion that further refinement of antenna performance parameters

be withheld pending dual simulation of antenna and processor. To this end,

we have developed an auxiliary computer program which generates real antenna
pattern data for use by the Applied Research Laboratories (University of Texas)

in their image processor simulations.

Both Hughes and JPL have suggested in independently conducted studies that

the SMR antenna be a large, planar array of approximately three meters by
twelve meters. The twelve meter azimuth dimension was predicated upon the
resolution requirement. The three meter elevation dimension was based upun the
swath width requirement, space required for both L~ and X-band antennas, and
payload weight/size restrictions. Both designs would use uniform illumination
and would achieve three different elevation beamwidths by switching between
two panels. The angle of incidence would be controlled by the attitudes of

the shuttle. Hughes proposed to use crossed dipoles at L-band and waveguides
slots at X-band, whereas Ball Brothers (under contract to JPL) would use
microstrip elements at both frequencies. For launch and boost, the antenna
would be folded twice in the azimuth dimension and stowed within the shuttle
paylcad compartment. After orbit insertion, the antenna would be deployed

to its nominally flat shape. A comparison of the Hughes and JPL/Ball

Brothers antenna specifications is given in Table 1. More detailed information
can be found in the Hughes report to NASA/JSC of October 1975 and the Jt.
report to NASA/JSC of March 1976.
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The similarity of the two designs makes it possible to model both antennas with
the same algorithm and computer program. The only sionificant electrical
difference is the element type, and this may be handled with only a minor
change in one subprogram.

2.2 Critical Antenna Parameters

Six antenna electrical parameters have been identified as being critical to
the SMR performance. They are:

1. Antenna gain and <fficiency.

2. Main beam shape.

3. Side lobe level.

4. Polarization purity.

S. Beam poirting accuracy.

6. Cross-band and cross-polarization beam coincidence.
For each of these parameters, bota static errors and dynamic errors must be
considered. In many cases, static errors, or those errors which do not
change during a mission, can be compensated. On the other hand, dynamic
errors whose effect on performar.ce may change during a mission, are quite
difficuit to handle. For example, the shape of the main beam will =odulate
the data. If the beam shape is known, this effect may be processed out of
the final image. But if the beam shape changes during flight, as it may
due to thermal distortion of the antenna structure, it may be impossible to
compensate for the time-varying modulation without real-time knowledge of

the antenna pattern.
In the following, each of the above six parameters will be discussed
considering both types of errors and possible tradeoffs with other system

components.

Antenna Gain & Efficiency -- Static errors will affect the system signal-to-

noise ratio (SNR). Tradeoffs are with transmitter power, receiver sensitivity,
and minimum detectable scattering cross section. Slow changes in the antenna
gain or efficiency over a period of hours or days cause instability in the

system calibration.
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Main Beam Shape -- The azimuth beam shape does not affect the system as much

as the elevation beam shape, since each resolution cell "sees” the entire
azimuth beam but only sees a portion of the elevation beam. As mentioned
above, the static antenna gain pattern weights the amplitude of the data,
but this effect can be compensated by using the appropriate (in elevation)
processor demodulation algorithm. However, dynamic changes in the beam
{e.g., caused by thermal deformations related to changing sun angle) are
largely uncorrectable and lead to a degradation in image quality.

Side Lobe Level (SLL) ~- The prinicpal impact of the side lobe level on the

overal® system is one of ambiguities within the processed image. Uniform
illumination of the SMRA will produce a theoretical SLL of -13.3 dB (one-way),
but this level may rise due to panel folding/unfolding errors, mechanical

and thermal distortions, etc. However, azimuth ambiguities can be suppressed
further by proper choice of the Doppler processing bandwidth and the pulse
repetition frequency (PRF). Range ambiguities are the result of ground point
returns that are outside the desired image swath width which arrives at the
receiver simultaneously with the return from a point which lies within the
desired swath width. Unfortunately, their control is provided almost exclu-
sively by the antenna elevation patterr.. Consequently, any rise in the side
lobes, static or time-varying, will decrease the imaged signal-to-ambiguity
ratio. Furthermore, an increase in the SLL indicates that the antenna gain
has decreased, degrading the SNR as well. Elevation side lobes are the most

critical since no compensation can be performed on the processed image.

Another quality criterioa is that >f total peak to total side lobe power
ratio. Even though all side lobes may fall below some relative level
(for example, -20 dB), the integrated SLL power level may completely mask
the presence of a fairly strong point target.

One obvious, but expensive, solution to the ambiguities problem woula be

to overdesign the range pattern of the SMRA by tapering the range excitation
amplitude to produce an even lower side lobe level. There are two oriher
tradeoffs to be considered. First, the SMRA would be more susceptible to

errors induced by mechanical and thermal distortions since tighter control on
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magnitude and phase excitation tolerances is necessary to obtain the low
side lobe pattern. Secondly, the three required beamwidths could not be
obtained simply by switching between the two subarrays as in the case of

uniform illumination.

Polarization Purity -- No adequately substantiated performance guideline for

polarization purity has yet been announced. However, it is felt that this
parameter will be important to the scientific community and should be considered.
In theory, the presence of any cross-polarized fieid at the antenna output
will degrade the quality of the data. However, the cross-polarization level
performance actually required depends on the intended use of the data anc

the sophistication of the 0% classification models. For example, in the X-
band GEMS SAR, most users feel that a -20 dB cross-polarization level is quite
adequate. The level of this unwanted component can be controlled to some
degree by the selection of the array element type and the fabrication of a
supporting structure that will allow little, if any, deviation of the array
surface from mechanical flatness. The principal tradeoffs are against expense
and technical risk. It is conceivable that any static purity problems might
be compensated in the processing hardware, but certainly, time-changing

instahilities would ke uncontrollable.

Beam Tointing Accuracy -- The items basic to the subject of antenna pointing

are: 1) The position of the antenna beam relative to the zero Doppler plane;
and 2) The rate of change of that position. Both of these items must be
considered when attempting to locate the plane of zero Doppler for the
processor. In the process of forming the synthetic aperture, it is necessary
to sense any changes in the position of the antenna beam relative to the
isodops (sur*aces of constant Doppler frequency) so that the resulting image
may be compensated. One way of doing this is .o monitor in real time the
average Doppler shift of the radar data and use this information to keep the
beam centered about the required isodop. Unfortunately, this requires precise
control of the beam pointing direction, and any errors, static or dynamic,

will tend to invalidate this approach.

A second approach would be to monitor the data and dyaamically adjust the

processor to compensate for deviations in Leam position as well as orbit
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eccentricity and angular velocity (combined pitch, roll, and yaw velocities)
of the spacecraft. Using this approach, the antenna requirements are reduced
(at the expense of increased processor complexity) to placing limits on the
angular excursions of the combined antenna electrical/mechanical beam pointing

directions and on the rate of change of this angular motion.

The following antenna pointing and stability limits have keen reconnwmded?:
+ 0.5 degrees in pitch, rcll an. yaw.
0.01 degrees per second maximum in pitch, roll, and yaw rates.

In summary, a tradeoff exists between processor complexity and antemn# beam

pointing requirements.

Cross-Band and Cross-Polarization Beam Coincidence -- No information is yet

availakle on beam coincidence requirements. Obviously, the closer the coin-
cidence of footprint registration, the more meaningful the cross-band and
cross-polarization data becomes. Again, the intended uses of the SMR data
must be considered in attempting to qualify beam coincidence requirements.
Two major projected uses are: 1) Crop clessification, and 2) Soil moisture
measurement, with the high frequency being most useful for (1) and the lower
frequency most useful for (2). Thus, in specifying the cross-band beam
coincidence, one must ask how the data are to be used in an interpietive

model. See Section 1l.1.
It is conceivable that any static errors could be compensated by increasing
the processor complexity. However, dynamic changes in beam coincidence seem

to be undetectable and hence uncompensatable.

2.3 Conditions Which May Degrade Antenna Ferformance

The six critical antenna parameters of the last section are directly affected
by both random and systematic error7 in the electrical excitation and/or
mechanical .anstruction and orientation of the S!IR array. This section

i J.G. Mehlis, Shuttle Synthetic Aperture Radar Implaomentaticn Study, Vol. 1,
Jet Propulsion Laboiatory Document 750-73, Pasacena, California, March 8,

1976 ’ p . 2"“2 -
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discusses the effect of various types of errors upon the performance of the

antenna.

2.3.1 Electrical Errors

Electri::1l errors are classified into two types, random and systematic.

While bcth classes will be discussed, it is felt that the effects of system-
atic errsrs on SMRA performance will be the more important consideration in
the performance of the real antenna since the overall effect of small random
er-ors d: ninish as the size of the array increases due to an averaging effect.
It shouli. be pointed out that random errors do affect the performance of the
s'/nthesi.ed antenna pattern (e.g., synthetic beam pointing errors caused by
phase decorrelation due to random phase errors), but the extent to which
these errors degrade overall system performance cannot be predicted without

further study and a knowledge of the image processor operation.

Randor electrical errors may be divided into three catagories:

1. Amplitude errors.

Z. Phase errors.

3 Errors in the individual elerment patterns.
Random amnlitude errn s will cause a loss of gain, a broadening of the main
beam, a reduction in null depths, and to a lesser extent, a rise in ths side
lobe level. Random phase errors affect the real beam pointing direction and
SLI,, as do errors in the characteristics of the individual element patterns.
These errors arise from the manufacture—---controlled tolerances placed on the
antenna whicl: are the result of element-to-element variations in the feed
arrangement, power d) ‘ders, waveguide slot width and placement, etc. A

given random erro: will affect X-band performance more than L-band performance

since phase tolerances are relative to wavelength.

Systemat.y electrical errors are much more difficult to analyze than random
erroy  .ince the more important systematic errors depend upon the antenna
structure and geometry. Consequently, little a priori information is
available for the systematic errors which may influence the performance of

the SMRA. T..e more common (and most easily analyzed) errors are:
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l. Linear phase errors.
2. Quadratic phase errors.
3. Cubic phase errors.

4. Periodic errors.

A systematic linear phase shift across the array will change the beam pointing
direction, broaden the main beam, decrease the gain, increase the SLL, and
degrade polarization purity. Quadratic phase errors tend to raise the null
depths between side lobes, widen the main beam, reduce gains, and increase

the level of the near-in side lobes. However, the beam direction remains
unchanged. Cubic phase errocs will shift the beam position, decrease the
gain, and produce asymmetrical side lobes. Periodic errors create two

additional side lobes and a loss of gain, but no beam pointing errors.

Errors which cannot be classified into one of the above categories must be
analyzed separately. The only efficient method of tackling this problem is
to simulate the effect of such errors on a digital computer. 1In this way,
information ccncerning footprint shape, gain, etc., can be obtained for a

large class of systematic errors.
The ma‘hematical algorithms for the simulation will be analyzed in Section 3,
the organization of the computer program will be discussed in Section 4, and

the source listing for the computer program is given in the appendix.

2.3.2 Mechanical FErrors

Both random and systematic mechanical errors arise from manufacturer-induced
tolerances; space environmental effects on the antenna and its supporting
structure induce additional systematic departures from flatness. Systematic
mechanical errors will likely be more detrimental to SMRA performance than

random errors.

The most significant mechanical error problems will be concerned with deviations
of the array from nominal flatness. The effect of this error .»n performance

will be the same as a systematic electrical phase error since the change in
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element path-length distance introduced by this distortion can be viewed as
an electrical phase difference. Hence, a mechanical distortion will exhibit
the same effects as the phase distortions of the last section. These include
beam defocusing, gain reduction, an SLL increase, and polarization purity

degradation.

Another source of mechanical errors is the random and systematic errors in

the element locations. Translational errors will change the beam shape,

raise the side lobe level, and may introduce other lobes. The effect of
rotational errors would be to destroy the polariza:ion purity and to decrease
the gain. As with electrical errors, the only efficient method for determining
the effect of mechanical errors to devise a suitable computer algorithm. One

such algorithm is described in Sections 3 and 4.

2.3.3 Other Sources of Errors

One source of error that should not be ignored is the multipath 2ffects
caused by reflection from the Shuttle body and/or other experiments. A
ray-optics treatment of the problem shculd be sufficient to identify any
possible problems, and to suggest ways of reducing multipath effects to a

minimum.

Another consideration to the overall performance of the antenna is the
degradation of materials due to the space environment and exhaust envelopes
of the Shuttle engines. This could become important for the dielectric used

in a microstrip antenna element.

2.3.4 Summary of Errors

The effects of various electrical and mechanical errors on SMRA performance

is summarized in Table 2.

2.4 Summary

The four cause-effect relationships discussed in Section 2 are graphically

portrayed in Figqure 1. Briefly, manufacturing, environmental, and deployment
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Physical and Environmental Factors

Electrical and Mechanical Errors

Antenna Parameters

Footprint Shape on Earth's Surface
Cross Band and nross Polarization
Beam Coincidence

SMR System Performance

User Satisfaction

Figure 1. Cause-effect relationships for the SMR Antenna.
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factors will create electrical and mechanical errors. These errors in turn
affect the perform. -e of the SMR antenna which then changes the characteris-
tics of the ground footprint. Finally, the footprint shape is a major

determinant of quality of the overall system.



3.0 THE DEVELOPMENT OF A PRELIMINARY SMRA MATHEMATICAL MODEL

To obtain predictions of the behavior of the Shuttle Multispectral Radar
Antenna under a wide variety of electrical, mechanical, and environmental
conditions, a number of algorithms simulating the SMRA were developed.
Emphasis was given to developing mathematical models that would predict the
effect of systematic departures from mechanical and electrical flatness on
beam pointing accuracy, beam efficiency, etc. Later phases of this work
will add to the initial model additional algorithm modules that will take

into account the results from thermal, mechanical and electrical tests.

The theory and practical considerations behind the PSL approach to large-
scale array modeling was presented in Section 2.2 of the Phase I Interim
Report. This method has been expanded upon and implemented in the computer
program discussed in Section 4 of this report. The results from a few

selected examples are givén in Section 5.

3.1 Antenna Electrical and Mechanical Characteristics

A flat uniformly excited rectangular electrically large array of equally-
spaced elements lying in the (x, y)-plane will produce a far-field radiation
pattern of the form:
sin My_/2 sin Ny /2
E = Ey < X/ . - Y/
M sin wx/z N sin wy/z

(3-1)

where: Eg = constant
M = number of array elements in azimuth (x)
N = number of array elements in elevation (y)
wx = deu * oy,
wy - dev + ay
B = 2n/A = wave number
dx = x-axis interelement spacing
dy = y-axis interelement spacing
u = cosine of pointing direction with respect to the x-axis
v = cosine of pointing direction with respect to the y-axis

18
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a = x-axis interelement phase shift

“y = y-axis interelement phase shift

However, the presence of random and systematic electrical and mechanical
errors in the array str~ture requires a much more general model. Three
mechanical and electrical models were considered in the Phase I Interim Report.
In essence, each model incorporated an approximation of the electrical and
mechanical surfaces. The three varying degrees of approximation are described
below.

l. The array factor is the sum of the patterns of each individual
element, each of which has its own location, orientation, and
excitation. (No approximation)

2. The electrical/mechanical deformation of the array is approximated
by a function or sum of functions whose closed-form array factor (s)
can be found.

3. The electrical/mechanical deformation of the array is approximated
by piecewise bilinear error-minimizing rectangular sections.

The first two of these were either too time-consuming or unable to model
adequately severe systematic errors. The third alternative was considered
to be the best compromise, especially if the number of subarray sections

could be varied to reflect the severity of the distortion.

The geometry of the approximated antenna surface is explained in Figure 2,

while Figure 3 shows an individual subarray unit in local coordinates.

3.1.1 The Antenna Radiation Pattern Algorithm

Consider an array antenna composed of M x N subarray sections. The antenna
is nominally locat=d in the z=0 plane and it is centered about the z-axis
as illustrated in Figure 4. The far-tield radiation pattern of such an
antenna may pe written as the weighted sum of the contributions from each
subarray.

-jBr M N

. f‘ ame”mn Emn(u,v) exp [:jw]
msl n=

e

E - 130
E(r,9.¢) 4n T
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Figure 3. Single subarray section in local coordinates.
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where: a.neJ’mn = the complex excitation of the mn'l subarray.

(u, v, w) = (singcos¢, sinBsing, cosB), the cosines of the
beam pointing direction with respect to the x, y,
and z axes.

8=2x/X = wave number of the source.
n=h! = intrinsic impedance of the medium.
€
gmn(u, v) = vector array factor of the mnth subarray.
¥ = (xnnu * Yo' * zmn")

e 2_) location of the centcr of the mntb subarray.

(‘mn' Yon’ Zmn
For rectangular sections with dipole elements, the vector “"subarray factor™
has the form:
o X
cos 5 u
Vi-u2

-

x Horizontal Polarization

(3-3)

_ sin wax/Z sin Nywylz
I (oY) = N, siny /2 N_siny /2 4
4 cos g-v .

— y Vertical Polarization
ng-vz

number of elements in the subarray.

where: N N

Xy
=1
v, Bd cos(cos "u - o)) + L
¢ = B _cos{cos lv - o ) + ¢
b4 4 4 b4
ax, dy = interelement spacing.

g
s
-
hd
)
u

interelement phase shift.

a_, a_ = the x-axis and y-axis angular tilt of the section.
The (m,n) subscripts have been dropped for clarity.
Notice trat for a given linear polarization, ]E;n| may be written as:
|9p, @eV)] = £ () £,(v)
This separability allows one to precalculate £y (u) and fz(v) so that E;n

may be calculated using a table look-up algorithm, greatly reducing the

numbers of operations and function calculations. Since all subarray
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sections are identical except for orientation, the same f, and f, tables
may be used for each. The total far-field radiation pattern is then obtained

by vectorally summing the contributions from each subarray.

3.2 Antenna Position and Orientation

The spacecraft position and orientation are specified by itx altitude and
three angles. These angles (YAW, TILT, are TWIST) avre defined by Figure 5.
While it is true that only two angles are needed to specify any possible
(static) orientation of the antenna, three angles are used to enable the
user to picture clearly the antenna pointing direction. The antenna
subsatellite point is assumed here to be o® Longitude, 0° Latitude as shown

in Figqure 6.

The matrices for the three rotations are:

YAW: [x"] " cos (YAW) sin(YAW) olfx
y'l =] -sin(YAW) cos{YAW) Ofly (3-4)
z'] L 0 Y 1z

TILT: %" 8 1 0 0 x'
"l = 0 cos (TILT) -sin(TILT)|{| y°' (3-5)
@”_ L (] sin(TILT) cos(TILT)|{ 2*

TWIST: [x" [ cos (TWIST) sin(TWIST} O x"']

y"'I=1| -sin(TWIST) cos(TWIST) Oijjy" (3-6)
EA L 0 ¢ 1jLz"}

In practice, the YAW, TILT, and TWIST matrices would be multiplied together

and stored as a single 3x3 matrix,

3.3 Coordinate Transformation To Produce The “"Footprint" On The
Earth's Surface

There are two transformations involved:
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TRUE NORTH

Beam Pointing
Location

2

Subsatellite

Point

Figure 6.

SMRA antenna above a spherical earth. The
subsatellite point is at 0° latitude, Oolongitude.
beam is pointed at [al(latitude), az(longitude)].

The
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(1) what point, i.e,, with latitude (al) and longitude (az), on the
earth's surface corresponds to a given beam direction (u,v)?
(2) What antenna beam direction (u,v,} corresponds to a specifijed

latitude and longitude location?

The first transformation is used to predict the location of the beam center.

The second is :cessary to determine the "“footprint" contours of the antenna.

3.3.1 Latitude and Longitude From Beam Direction

For an unrotated antenna pointing to a nadir of (Oo, Oo), the following

formulas may be derived:

o = sin~l [Ro*ALt
r S sing - 0 (qr>0)
e
= -2 -
¢r ¢ -3 (3-7)

Range = Re *a

where: Re = radius of the (spherical) earth.
Alt = antenna altitude in same units as Re.
(6,4) = pointing direction of unrotated antenna.
a. = range angle.
¢r = heading angle.
-1 . .
Then: a, = tan = (sin¢_/tanq )
2 r r
a, = cos™t (cosa_/cosa.) (3-7a)
1 r 2
(o} o
If al>90 v @ =ay - 180°.

Example, let R_ = 6400 km, Alt = 200 km, and (8,¢) = (60°, 120°). Then:

= o = (o]
a_ = 3.263975 ¢, = 30

o o
a, = 1.6333 o, 2.8263

Range = 264.56 km.
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3.3.2 Beam Direction From Latitude and Longitude

Given g, and a_ we may invert egns. (3-7a) to find:

1 2

-1
cos ~(cosa, »cosa.,)

a =
¢r = sin-l(cosal-cosa2~sina ) (3-8)
r 1 b4 2
Then: ¢ = o * 90°
= + -
z (Ré Alt) Re cosalcosa2
x = —Re cosa151na2 (3-9)
y = Re 51nal
r =v x2+y2+zz
6 = cos“1 {(z/r)

Example, let R_ = 6400, Alt = 200 km, a) = 2.82631°, and o = 1.6333°. Then:

1 2
a, = 3.263975° x' = -182.19476 knm.
¢, = 29.9997 = 30° y' = 315.5738 km.

¢ = 120° r' = 420.764 km.

z' = 210.382 km. 8 = 60°

3.4 Data Handling Techniques and Data Reduction

With the vast amounts of data generared by thiec algorithm, it was clear
that in order to obtain usable results, the data must be reducea to pictoral
form. Five modes of presentation were r.eveloped. These are:

1. Printer profile plots of "principal planes."

2., Printer contour plot of the entire region of interest.

3. Plotter profile plots of "principle planes."”

4. Plotter contour plots of the entire region.

5. Plotter three-dimensional plots of the entire region.
The printer plots provide a quick and inexpensive preview of the results of
the simulation. 1If satisfactory results are obtained, then the Calcomp

plotter is used to draw more detailed plots.
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When the Tektronix 4051 interactive graphics terminal is made operational,
many of the data presentation problems will be greatly simplified. It will
be then possible to quickly draw a complete contour "footprint" from any
data set. If a permanent copy is desired, a hard copy or photograph may be
taken.

3.5 Areas For Further Development

The mathematical model discussed here is preliminary in nature and its

algorithms will be refined and expanded during Phase II.

The most significant addition to the model will be the incorporation of data
gathered from near-field and far-field electrical measurements, thermal
measurements, and mechanical tests of the subarray panels. These data, to be
taken during Phase IV, will be used by the model to predict the performance
of the full-size SMR antenna. It is planned to add these modules to the
algorithm during Phase III.

The other important addition to the model will be the inclusion of a module
to accept arbitrary array elements and/or total antenna type. WithL this
change, other antenna types, such as reflector antennas, other aperature
antennas, and traveling wave antennas, can be simulated as well as arrays

of antennas with arbitrary elements.

3.6 Summary and Block Diagram Of The Simulation Algorithm

The operation of the SMRA mathematical model can be summarized by the

block diagram shown in Figure 7. Only those modules presently implemented

are shown.
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Enter algorithm with desired
fisld point location (a.', az).

\

Transform actual field point
to unrotated antenna inertial
frame. (ALT, RE)

Rotate Antenna
{YAW, TWIST, TILT)

!

Translation to mnth subarray
local coordinates (DX, DY, PX,
PY, ALPHAX, ALPHAY)

Calculate field from mnth subarray
and add to total.

All Go to next
subarrays subarray -
considered

?

Exit algorithm with magnitude
and phase of field at (a4, az).

Figure 7. Operation of the SMRA mathematical model.



4.0 THE SMRA SIMULATION PROGRAM

A computer program was written to implement the simulation algorithms of
Section 3. It produces line printer plots and Calcomp plotter plots of the
anteann footprint on the earth's surface. The organization of the program is
shown in Figure B8, and a description of each program segment is given in

Section 4.1.

4.1 Program Description

MAINPGM - Performs mostly housekeeping chores and calls other routines
according to user input commands. It calculates the "YAW-
TILT-TWIST" array, predicted beam center location, plot
normalization factor (pattern value at predicted heam center
location), increments beam pointing angle to cover entire
“footprint" region and initiates profiles along lines of
constant latitude and longitude intersecting the predicted

beam center.

ANTENA - Inputs and calculates appropriate antenna parameters: number
of elements, spacing, phase shift, number of subarrays,
polarization, and element type. After calculations have been

performed, a summary is printed.

MECH - Calculates mechanical deformation data based on the inputs
from STRESS, THERML, and MISC. For each subarray, MECH
calculates the average displacement 2AVG, the tilt angles,
ALPHAX and ALPHAY, and the error coefficient of the bilinear

approximations. A summary is printed after execution.

STRESS - Determines the warpage of the array that is due to mechanical

considerations.

THERML - Will determine the warpage of the array due to thermal gradients

across and through the array structure. (Not Yet Implemented)

3l
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Inputs any other deformation data not covered by STRESS and
THERML.

Inputs the amplitude, phase, and linear phase gradients of each
subarray. This information is passed to PAT via common block

ELCTRC, and a summary is printed.

Inputs orbital parameters and antenna YAW, TILT, and TWIST,

then prints a summary.

Is the basic pattern subprogram. Given latitude-longitude
coordinates on the earth's surface, it performs all translations
and rotations to determine the beam pointing angle (u,v). It
then calls AF to find the subarray factor and finally computes

the sum of all subarrays.

This function calculates the array factors of a subpanel by
“"table look-up" with linear interpolation if Iul < UMAX and
Ivl < VMAX. Otherwise, the AF is computed in the usual way.

This routine generates the table used by AF. Table length is
1001 words: UMAX and VMAX are chosen to include the main beam
plus the first three side lobes.

Translates user commands for printer and pattern output into

logical switches for the program.

Is the printer profile plo* routine. It will print a one-
dimensional plot down the page for up to 501 data points. The
exact values of both the abscissa and ordinate are printed

with each data point, the ordinate also being printed in 4B,

Is chiefly a "bookkeeping" subroutine for CG:.TUR. It calls
subroutine CONTUR three times to generate a complete 151 x 151

two-dimensional contour map.
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Prints a S1 x 151 contour plot of the footprint. To obtain a
complete 151 x 151 plot, this routine is called three times by
subroutine PATCON. Then the three separate plots are pasted

together to make the composite.

Is the Calcomp one-dimensional plot routine. It is called
twice by the main program, and it is used to generate the

profile plots of the principal planes through the main beam.

Is the Calcomp contour map routine. From the data used to
generate the printer contour map, it draws a continuous contour
plot of the antenna ground footprint over the rectangular

region specified by the user.

Is the Calcomp three-dimensional plot routine. It plots the
magnitude {in dB) of the footprint pattern over rectangular

region specified by the user.

Will be used to store the patteru matrices and other important
variables so that additional plots may be generated by other

programs without recomputing the data. (Not Yet Implemented)

Is the ARL data tape routine. It stores the antenna pattern
as a function of u and v and is used whenever ARL requires a
new antenna pattern for their processor modeling program. (At

present, TAPE2 is a separate computer program.)

Will be used to store pattern data on a disk drive at PSL.
(Not Yet Implemented)

Will be used to determine what data has been stored by TAPEl
and DISK, to selectively erase any simulation run, and to

reinitialize the entire storage area. (Not Yet Implemented)
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4.2 Input/Output and Flexibility To The i'ser

The program input data has been structured so that user knowledge of computer
fundamentals is not required. Consequently, the progran -can be used by
anyone desiring information concerning the foctprint of a particular antenna

configuration.

The input has opeen divided into six modules. These are:
1. Simulation Information
2. Antenna Position and Orientation
3. Output Commands and Parameters
4. Antenna Configuration
5. Antenna Mechanical Parameters

6. Antenna Electrical Parameters

By including input parameter3 in these six categqgories, it is possible for
the user to simulate a wide range of electrical, mecharical, and physical
scenarios. Furthermore, a chance in the simulation does not requive that
the complete input deck be repunched. When related scenarios av. be. -~

studied, only one of the six modules need be changed.
Examples of different simule ‘ions are deferred to Section 5.

4.2.1 Simulation Information

The simulation information consists of three entries: 1) the simulation
number, 2) the date of the simulation, and 3) a short narrative describing
the simulation. The simulation number and date provide bookkeeping reference
information. The narrative is printed at the beginning of the computer

output to allow quick identification of the program output and future dates.

4.2.2 Antenna Position and Orientation

The parameters used as input for this category are antenna altitude, yaw,

tilt, twist, and frequency. Altitude is expressed in kilometers, the angles



36

are expressed in degrees, and frequency is expressed in GHz. These parameters

are more fully described in Section 3.2.

4.2.3 Output Commands and Parameters

Five logical switches are used to control the five output categories of
Section 3.4. If a perticular output is desired, the associated command
switch is set to logical "1". In addition to the output comemands, it is
necessary to specify parameters for those output devices which have been

turned on by the output commands.

The parameters needed for a particular simulation are governed by which
logical switches have been previously engaged. If any output command is
entered, then the latitude and longitude limits of the footprint must be
entered. If a plotter contour map is desired tne contour level parameters
are required. For a printer contour, the highest contour, lowest contour,
and contour l-2vel interval must be entered. For any two- or three-

dimensional plot, the plot resolution is necessary.
Some outputs do not require a command. The narrative described above and
the summaries described in Section 3 have no command word; this information

is always printed.

4.2.4 Antenna Configuration

This category contains all the parameters needed by subroutine ANTENA. These
include the number of subarray sections, the number of elements, the
interelement spacirngs in centimeters, the interelement phase shifts in

degrees, the element type. and the element polarization.

4.2.5 Antenna Mechanical Information

Antenna mechanical information includes all the parameters needed by subroutines
STRESS, THERML, and MISC. In this preliminary simulation model, the displace-
ment of the antenna from nominal flatness (expressed in centimeters) is

entered through subroutine MISC.
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4.2.5 Mtenna Electrical Parameters

All excitation information is entered through subroutine ELEL. The necessary
parameters provide information concerning the excitation magnitude, phase,

and any linear phase taper for each subarray section.



5.0 EXAMPLES OF COMPUTER SIMULATION RUNS

The following pages illustrate the actual line printer output from the
Shuttle Multispectral Radar Antenna Simulation Program. The pages run
in sequence; no attempt has been made to join the profile plot or contour
map pages together. However, a photo-recduction of a typical composite

contour map is shown in Figure 9.

The comments printed with the pattern output provide all the necessary
information to visualize each scenario being simulated. All antennas
have the following characteristics in commcn:

1. Fregquency = 9.0 GHz

2. Tilt Angle = 50°

3. Altitude = 200 km

4. Polarization: Horizontal

5. Configuration: Both modules excited for minimum beam width

6. Number of elements: 504 x 12

7. Element spacing: 2.2966 x 2.3550 cm

8. Phase Shift: 0°

Pattern 100 is the simulation of the baseline design, with nco electrical
or mechanical errors. Pattern 101 illustrates pattern errors due *o
misalignment of the three panels. Pattern 102 shows the effect of a
spherical bow in the antenna which might be induced by thermal gradients
through the antenna surface. A systematic phase error is simulated by
Pattern 103, and Pattern 104 provides information on errors caused by

Shut:le attitude errors.

38
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1,024
1.0le0
1.0000
1.0000
0.9920
G.9240
Q.97¢0
0.%880
€.9600
0.9520
0.9440
0.9240
0.9280
€.92C0
0.9120
C.S040
0.8460
0.09%€0
0.8800
0.4720
0.8640
0.8%¢60
0.8480
C.84CQ
0.8320
0.8240
a.81¢40
0.6080
0.8030
0.7920
0.7840
G.77¢0
0.7680
C.78C0
G.7520
0.7440
8.1342
a.2280
G.7200
0.7120
Q. 7040
0.6560
Q.63800
0.68C0
0.8720
0.6£640
0.63%60
0.6480
0. 6400
0.6320
0.6240
0.61¢0
0.56080
0.80C0
0.5920
0.5840
0.5%0
0,.58800
0,56C0
0.5320
0. 5440
ve 93¢0
0.5200
0.5%200
0.5120
0.5040
0.4%0
00000
0.4400
0.4520
0.4040
3.4%0
0.4490
0.4400
G.4420
0.4060
Qsting



-25,%9
«23,"9
«22,71¢C
«21.69
-20.171
-20.03
-18,42
-19,.61
-18.4%0
-18.17
-17.92
-317.74
=17.44
-17.60
-17.82
-17.7
-17.87
-18.10
_=18.40
. =-18.78
-19.24
«19.80
-20.46
-21.24
-22.16
-23.27
-26.¢C
~26.24
~20.%5
-31.20
-35.56
-46.87
-45.517

» =35.83

-31.29
-28.52
~26.62
-24.12
-23.45
-22.26
-21 .44
-20.06
-1%.49%
-19.43
-18.%0
~18.%%
~18.23
-17.87
~-17.75
-17.61
-17.%2
-17.67
ce.

0.0%3
Q.06
0.0M
0.08)
0.0%2
0.100
0.107
g.112
C.119
0.123
0.127
0.130
0.121
0.132
0.132
C.120
C.128
0.124
c.120
0.113

.09
0.102
0.095
e.c87
r.018
G.069
c.C%9
0.049
0.029
0.028
0.017
0.00s
¢.00%
0.016
c.c2?
0.G37
C.C43
€.C5%3
0.087
0.076
C€.08%
0.093
€.100
0.197

8.1

0.1:8
0.123
C.126
0.129
0.132
C.122
0-13%
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0.4C00
0.4000
0.3920
0.3040
03760
0.34080
0.3600
0,350
0.3440
0.30
0.3280
0.3200
0.3120
043040
6.2960
0,2800
0.2800
0.2720
0.2840
0.2560
0.2480
0.2600
0.2220
6.2240
0.2160
0.2000
0.20G0
0.1920
0.1840
0.17¢0
0.1680
0.1600
0.1520
0.1442
0.1360
0.1280
6.1200
0.1120
0.1040
0.0960
0.0980
0.0300
0.0720
0.0640
0.056)
0.0480
0.04C0
0.0220
0.0240
0.0160
0.3C80
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PATTERN 101 SPACE SPUTTLE IMAGING RACAR AANTENNA SIMULATICA PRCGRAM 23 OCT0BER 1974

EXAPELE 2: .
CEVMCASTRATION OF FCOTPRINT CEGRACATION OUE YO ANTENNA PANEL
UAFGLCING FRARORS.

SYSTEF INFrRMATICAS
FEECQUENCY = 9.000 GNZ.
Yiu = 0.0 CEGREES
TILY = 5C.0C0 GEGREFS
TwiIST = 0.0 CEGREES
ALTITUCE = 200.0C0 KM,

ANTERND POHAMETERS FCR SIMLLATICN AUPBER 101
ELEVEMT YYPE: HCRIZCNTAL CIPCLE
AUYREF CF ELEMENTS (X,¥) = (SC4 , 12)
INTERELEMENT SPACING (CV¥.): 2.2966 , 2.35%0
INTERELEMENY PrHASE SHIFT (DEG.): 0.0 v 0.0

OEFCRFATICN CaATA FCR SINMULATION 1012
~1.00 0.0 g.c 2.00

~1.00 0.0 [ 2.C0

ELECTRICAL FATA FCR SIVULATION 1012

1, 1) t 2, 1} [E PR ]
PHSX: 0.0 0.0 0.0
PHSY? 0.0 C.C g.C
AMAC: 1.00 1.CC 1.00
APHS: ¢.0 ¢ 0.0
REPRODUCIBILITY OF THH
ORIGINAL PAGE IS PUOR
FRINT/PLCT INFCRMATICAE
REQLESTFN CUTPUTS
PR INTER PROFILE
PRINTER CCATCUR
PLCT RFSOLUTICN: 151 X 151 PCINTS
STARTIR = -0.500
STCPX = 0.%00
DLLTAX 0.007
STonty » 0.0
SICFY = 4,000
OELTAY a 0.027
SURARRZY MATA SUNMARY FCR PATTERALOLTR
AREA NCFNTY YCENT LAVG ALPrAR ALPHAY ARAG APMS [} PHSY
] -385%. 83 0.0 -0.30 0.148 0.0 1.0000 a0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 1.0000 0.0 0.0 0.0
3 385.43 0.0 1.00 0.297 0.0 1.0000 0.0 . 0,0 0.0

PRECILIET Fid® CENTENT
LATTINeY o ALY
[RE XS RUNA ] .0
FARNCY s a3 00N



REACIAG o 0.0

PLOT NCRPALIZATICN FACTCA =

~46432% 00,

60
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PRINTER CONTCUR PLCT FOR SIPLLATICN AUMBIR 101}

0.0 0.13) 0,267 €. 400 0.933 0.867 0.800 0.932 1.087 1.200 1.33)
fecessesselassocscocloveccsccclaccocccoslonconsanselesccccecclecsccncoclecooscccalescsnssscloccnsccsel
-0.5000.
-0,4932,
~0.4807.
«0.4200.
=0.4733,
=0.40017,
-0.,460C.
-0,4937,
~Q.4687,
=0.4400.
=0.4322,
=0.0207,
-0.,4200.
~0.432z2,
=0.4067.
-0.40CC.
-0.2922,
~0.3E67.
-0.2600.
-0.317132,
~0.3¢8617.
~0.2(05.
-0.3332,
=0.24817,
~0.240C,
-0.333:,
~0.1261.
-0.320C.
-0.2132.
-0.2C¢7,
-0.300C.
~0.2632.,
-0.29¢7,
~0.290Q.
-0.2722.
-0.26¢17.
-0.260Q.
-0.2532,
~0.24¢17,
-0.240C.
-0.22z22,
-0.22017.
~0.2260C,
-0.2137%.
-0.2067.
-0.200C.
-0.1832,
-0.1€67.
-C.1%0¢C,
-0.1732,
-0.16617.
-0.140(,
-0.1531.
=0.144510.
=0.160",
-0.122:.
-0.126%,
-0.1200.
-0.1122,
«0.10¢7,
-0.1000.
-0.0%32,
-0.0657.
=Q.0R0C.
=0.0732,
«0.,0867.
=0.060C,
~0.0%33,
=0.N4b17,
=0.040C,
~0.0313?
=0.0261. 0
=-0,0200.. C
=0.0133.1 1
=0.0067.% )
=0.0000.4 &
0.0067.% 5
2
4
[}
c

-]
o
e W SO VEVS =D O

o oo
-y O
ONS =W
O mWNW i

0.0132.2
0.020C.2
0.0207.C
0.0v33,0
0.0400,
0.0487,
00,0912,
o.o‘oo.
0.,00G1, N
00118,

[ PRURTVI i

Detnt 1,

DON"-O® Ptam=
e P NO
O QrN -
[-X-]
-
OC ' INAD
[ X - R AW W
DONNSIV~,CO
OONNFIFIILP~00
OQONNIISISI~O0O
OOMNNIIWV-rOO
O o= ita o O
DO NN~
[-X-X N
—NNNNO
[-X -3 RTRTES AR
OO N W dFsrOnNn
OOr wiwdsr=OO
OOONILMWS =»OD
ONWWwWwre O
~ NN O
[-X N -N-X 4
O BT WLIN -
O BURLOIN
O SWwRLPIN
P W
ONSENNMND
ONOO -
ONO O™~
ONItINLS
o [ R RN ] [-J
O=OMNIOCIIIN =D O
[- X X N X R ) -0 o
e td B DD S PIS
O wsONssw -0 O
OO MWwesrwvwsrn ~0O
Q=N BN O
O W N oo



0.093),
0.1¢C0C.
G.1967, 62
0.11133,
0.120¢,
Q.1287,
2.1332,
0.140C.
Celab?,
0.,1832,
0.1600.
0.1887.
0.1133,
0.1800,
O.18617,
0.1931,
0.200C.
0.2€67,
0.2133.
8.220C.
0.22681,
0.2332,
Q.24¢CC.
0.2461.
o‘zsz!'
0.2480C.
0.2667.
0.2732,
0.280C.
G.2807.
0,2922,
0.300C.
0.2067.
0.3132,
0.3200.
0,2261.
0.3132,
0.340C.
0.2441.
0.3532.
C.280C.
0.2687.
0.3733.
0.280C.
0.38¢e7.
a.3931.
0.470C,
0.40617.
0.4122,
e.420C.
0.4267.
O.02z2,
D.440C,
Q.4%467,
0.4%32,
0.4¢0C,
C.4807,
0.4722,
0.4800.
0.4887.
0.45232,
0.500C.

“.-.....-‘-."'...."l.'.....'......‘..'......‘..'.......‘.‘.‘......"".,.....‘."....."‘...‘....'

0.0 Q.133 .267 C. 400 0.533 0.667 0.800 9.933 1.067 1.200 1.332
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PRINTER CONTCUR PLOT CGOR SIPULATICN AUMBER 101
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-0.50%0
~0.493)
~0.4847
-0.4800
~0.4733
8,487
-0.4630
-0.4322
~8.4447
=3.4410
-~0.4333
-Q.4247
-8.4200
~0.4133
-0.4067
-0.4000
=0.393)
-0.3867
-0.3008
-2.3733
-8.3687
~8.3600
-8. 3533
-~8.2447
-8.3400
-8.333)
-Q.3267
-G.3200
-~Q.2122
-0.20¢7
-3. 300
~0.2022
~0.2867
~Q.26C0
-0.2723
~0.2667
-0.26CC
-0.2522
-%. 2487
-Q.240C
-0.2333
=3.2207
-0.2200
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«~C.20.)
~3.193)
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-9%.1407
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-0.1%22
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-0.1400
-g.1223
~0.1267
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~0.1087
-J.1600
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-0.C200
=-0.0733
-8.00t?
-0.0600
-0,0%3)
-0.0C687
~0,0400
-Jd.6331
=0.02¢7
-0.0290
-9.0132
EO DALY |
-3.0389
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2.687

2.323

2.433

3. Co7

3.200

3.33)

3467

3.6G0

3.733

3.3¢7

4.9000

Q.82
8.1008
Calinr
0.11):
C.l1203
0.12¢2
8.1332
C.l463
0.144?
Cols:Y
0.183¢C
C.l007
G.1733
C.180C
S.1807
0.1933
8.2¢C0
Q.2007
0.2133
0.2200
G.2267
0.2223
0.2400
0.2467
0.2333
S.260C
0.2647
8.2133
€. 2300
G.2¢¢7
0.2933
G. 3042
G.2123
8.2200
G 3207
0.333)
G.2400
G.3%7
0.3333
€. 360C
0.76¢7
6.2733
8.3%00
0. 3087
8.2922
0.4000
J.6087
C.4133
C.4200
Je.4267
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Exave ¢ 3:
CEAMCNSTR2T IOM OF Triomahy INIUCFD “ECHANICAL DEFCARPATICNS
ISPHERICIL) CN THE SLLL K-2ANC #ChIZCNTAL avRav,

SYSTER IAFCRPATION:
FRECLEACY = S.CCC GHe.
Yéu = Q.9 CEGPEES
YILY = $C.0C0 CECAEES
TeIST » 0.0 DEGREES
MTUITUCE & 2Cu.0ud XRh,

ANTENNS PARAYETERS FCR SIMULOTICN NUPEER 102
ELEYENT TePE: HCRIIGNTAL RIPCLE
MUSPER CF ELEMENTS (Xo¥V) = (SO , 123
INTERELENERT SP° "SNG (€902 2.2%66 ¢ 2.3530
INVERELEPENT PrASE SHIFT (CEG.: Q9 v 0.0

CEFORMATICK CATA FCR SIPULATION 1C2:

3.02 3.47 2.22 1.2% 35 0. 14 0.0 O.14 0.55% 1.25
.22 267 5.00
$.00 3.47 2422 1.2% C.59 Galé. O.¢ Ge14 0.5% 1.2%
2.22 2.47 5.cc
PEPRODUCLEL.ITY = 3t .
ORIGINAL PAG. IS £«
ELECTR ICAL TATA FUP SIMLLAT X 192:
t e 1) t 2, 1) ti3, (4, 1) (5, 1} { 6, 1) tT, 1) { 8 ") (". | 3] (10. 13
tit. 1) ti2, 1) )
PHSX: Je0 0.0 0.0 a.C ¢.0 a.¢C 0.0 0.0 0.0 0.0
¢.C €.C
PeSY: 0.0 [+ ] 0.0 c.0 0.0 0.0 0.0 0.0 0.0 0.C
[ /] 2.0
ANAG: 1.¢8 1.C0 1.00 1.00 1.0 1.00 1.00 1.00 1.00 1.00
1.09 t.08
APHSE: 9.0 a.C 0.0 0.3 0.0 0.0 9.0 0.0 0.C C.0
0.0 3.0
PRINT/PLE . INSCRVATICN:
REVCUFSTED Jihpul:
B INTFR PRUFILE
PRINTFF (FATTER
PLCT PF TLUTICNS 1ST X iS1 POINTS
CTEOTX = =02
STLfr 2 0,500
PELTAN = O.uC?
STa?ly o 0.3
STPY a 4.50C
Civlevy = 0.C21
SUHARD ¢y 1a74 SUMMAEY ¢, R SRTTER 100"
*oF ) 0T yreee IZX fivrae &l Puery Av (LY Puny (X187
H AT | c.0 ] e A ) 1.2y 0.0 Ny A
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t.0 2.0 0. 22 0.0
0.0 .24 0. %08 .0

PREQICTEC BEAFr CEATER:
LATIIUDE = 2.1%45
LENGITUCE = Q.0
REAGCE = 243.978
*EACING = 0.0
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ELECTAICAL CATA FOR SIMULATICN 104t

PRINTZFLCT INFCRMATICAN:
REQUESTED CLTPLTS
PKINTES FFCFILE
POINTER CCAILLR
PLCT L ESCLLTIONE 151 x 151 PCINTS

§7427X = =-0.50C
STICFX = 0.500
SELTAX = 0.007

S18PTY = 0.0
STCFY = 4,000
DELIAY = 0.027

SL2ASTCLY LATA SUMYLRY FCR PATTERALCGT
YOULAT {AVE LLPEAX
0.0 0.0 S.0 0.0

ALPHAY LA EY¢
10020

PU- {1010 PEAv CENTERS

LAttt o date g
[ ISR R I VL ] valtl2n
R N A Y

Vo A g, o a0

apMS
0.0

25 OCTOoRER 19!

PHSX
0.0

Py



117

PLCY NCAMELIZATICN FACTCR = ~35.418 D8,



118

PREATEN CONTCUR PLCT FZR SISULATICN AUMBER 104

0.0 0.13) 0.267 C.40¢C 0.533 Ce687 0.800 0.923 1.007 1.200 1.333
‘.‘.......l.....'...' .........' ........‘I.....l‘..l....‘.'..'.........'.‘.......l..‘...-..l..'......
~0.5000.
-0.49212.
~G.42617.
«~0.4800.
~0.4732.
-0.48817.
~0.460C.
-0.4232,
044017,
«0.440C,
-0.4332,

-8.380C.
-0.3732,
-0.38¢£7.
~0.38CC.
-3.2522.
-003“’0
-0.340C.
=-0.2322,
-0.32¢1.
-5.3200.
-0.3133.
T ~0.30617.
-g.200¢C.
-0.2632,
-0.2061.
-0.220C.
-0.27312,
~0.28£7.
-0.2€0C.
-J.2%532,
-0.2467.
-Q.260C.
-0 2332,
-G.22¢&1,
-0.223¢C.
-0.2122,
-0.2C¢7.
-0.2034.
-0.1622,
~0.18¢17,
-0.183C.
-Qel1?3:,
-0.16¢1.
-0.160C.
-0.1%32,
“Qel4s?,
-0.140¢C.
-0.1232,
-0.1267.2
=Cel200s ¢ Z 2
-0.1132, [*}
~J.18617, 0
~0.180¢C, 11
-0.0732, | I
~0.Ceb7. 2131
-0.092C, 0

~0.,0732, 121
=0.C8461. 1331
-0.040(. 231
-0.0522.
-0.Co81, 132
~0.0450. 03 &2
-0.0222. 1
-0.02¢1.
-0.0200,

~0.0122,

-0.00¢1?.

=0.020C.

0.00tL?,

0.0137.

6.02¢0.

0.02417,

g0,

€.06cCC,

G.Cat).

0.0%7,

g.nelC.

0.000T,

[ P By

[ AT

Q¥ 1.

oo

w

v

-n
»

-—r0
owN

»



Ca0iY,
C.l23C,
Galr 2, 119
Gollzi.
0.12.:.
0.1267,
o.13,
01428,
G147,
c.153?.
C.16CC.
Ootltel,
0.1732.
0.18GC,
0.12¢0,
0.1932,
0.233¢.
£.2367.
0.2132.
0.220¢C.
0.2267.
0.232r,
0.240C.
0.2041.
0.2%32,
0.2¢CC.
0.2081.
e.2122,
0.283C.
0.281.
0.2922,
0.3300.
0.2C87.
0.3132.
0.220C.
2287,
0.3332.
0.240¢C.
0.34¢e1.
©.3532,
C.3¢05. b
2.3¢8€7,
0.3732.
0.2eGC. )
0.38e7.
c.2622,
©.425¢C.
LIRS 1Y N
B.4132.
2.420¢.
3.42¢e7.
¢.4232,
©.453C.
3.45€1.
q.4532.
3.463¢.
O.48E7.
9,477,
Cabi’la
C.0%¢7.
04937,
¢ sccl.
oeronasoslonneassoclosesnssscloccsescsalossonseccheossccsarctocnrrcceslonsesnacalacannecasloveccsnsst

C.C 0.132 2.267 C. 400 0.522  0.tb7 0.800 0,922 1.087 1.200 1.332

R . RODUCIBILITY OF " t:p
ORIGINAL PAGT '



120

PRIRTEF CONTCUR PLCT FCR SIPLLATICN MUPAER 106

2447

2.52)

2.000
..........'.-oo.....'..l..oo..'......‘..'......-..'.0.0..0..'...........0......".-...........0..‘...

2.267 2.400

2133

1.467 1.600 1.733 1.087

1+
@
- X

© ot qun

- ——

[ -3 -] Y NGO

o ~0
o © =t -
Qo - NS

[-X-] _-meny
o~0 N~

[~} = fu e

oo R o Rl ol
(- % -] N O
N~ -

L ]

Ll BLDN N B gl
-t D e W

200

L IR

-~ DD

<

- -

G COr

LR N A

o~
<
r.a
et
-
T I
o -~
IS
Te

- o

L 4
P IERY

‘e Pe

~ e

- —

[ R R R N R E ]

DNN OO
CVenD
LIINGCO

[ B N
" o

Qe m
- O
- o
X A X
Ve O
Q =0
Ll A0 2
"o
-
Laaly )



T ~0.28%CCOTE C2 1T -0.2546665%F €2

121 O 020032 &%T3313%S9862221)
16 12 27204424618 887581
0 G1 821 2Y02+4«6 &T73087
00 11 120601312 243 4as
€ 6t @10 2: 132 2132
° 10 11 a2t 120
ec 01 1¢ 11 ¢
e ° g0¢c o1t 10
° co g ocC
o ° °

lesoessscolocecrsnaclecnnccsceloccncscrolconcrnncclocesvseccaloccconccalavescncectloccncncnnlosciaanceel

1.333 1.567 1.6L0 1.733 1.867 2.000 2.133 22267 2400 2.533 2.667

CCNTOLR LEVEL KEY

¢ -0.16%CC00E 02 TC -0.1349999€ 02 8: ~Ce450000GE 01 7O =C.14559SCE 01
-C.125003CE €2 10 -0.1069995F 02 s =0.1500000fF 01 TC <C.1%00010° 01
-9.i0%0020E 02 TC -0.7499990€ 01 ¢ ~3.10000008 51 TO -0.28%000C= Q2
=CoT500C00F 01 TC ~0.4499933¢ Oy $ 0415000108 C1 Y0 ©.10003J30€ 51

~0.259C220° 12 T) ~0Q.22495958 02
=0.22%CGC0E I 1Y -, 1949554 02
=0 1650000% 32 1O -2.18479558 02

LA ALY
o s e

*



122

PRINTER CONTCUR PLCT FOR SIPULATICA ALPSER 104

2.4687 2.2C¢ 2.933 3.007 3.200 3.333 3.407 3.400 3.733

'....C..o.'oo..--oo.'.oo.-.ot...o'-..-..';oo-.--'n.cnooo.-..looooo.oo.‘o.-o....n'....oooo

3.847 4.000

L]
L J
-
-
-
*
L ]
L ]
-
-
L d
-
L
-
L J
L3
L]
L3
-
L J
L
-
-
-
-
-
L3
-
-
-
-
-
-
-
-
L3
-
-
-
-
L)
-
-
-
-
-
-
.
-
.
-
-
-
.
-
-
3
-
-
.
-
-
-
3
.
-
.
.
.
-
-
-
-
[
.
.
.
.
.
.
.
.
-
.
.
.
.
-
.

-3.35000
=0.493)
~0.4047
-C.4000
-0.4723
-0.4667
«0.4600
=0.4522
-0 4447
-0.4400
=0.4323
=-0.4°°7
-0.- .00
«-0.4123
=Ce 4067
=Ce400C
-0.3933
=-0.3067
-Ce3u00
-0.3732
-0.3667
-0.24600
-C.353)
=Ge2407
-0.3400
-0-3333
-0.32¢7
-8.3200
-Ga2122
-0.2067
-G. 2000
-0.2922
-0.2867
-C. 2000
~0.2732
-0.2667
=-C.200C
~0.2523
=-Co 2407
-8.2400
-C.233)3
~0.2267
-0.2200
~0.2133
-0.2087
-0.2000
-0.1933
-0e.1267
~0.1800
~C=1733
-Co 1007
=-Ce1600
~0.1533
-0el467
-C. 1408
~0.1222
-G.1267
-C.120C
-C.1133
-0.1067
-0.1000
-C»0933
-0.C867¥
-0.C800
-0,073)3
~GC.0887
~C.060C
~C.0533
~C.0667
=-0.04%0C
-C.0332
~0.0247
~0.06230
-0.0\33
-0,0087
-C.0000

0,008

0.0132

c,C20C

g.c2¢7

0,032

0.0400

C.0407

€.0%1)

C.ut(iC

0,067

C.,u7V)

Coevril

Halral



Nl
-

-

beaoseoosrolocooncaontoresnnnan

2.567

WP oy

Ladh i = WLV
ONOAG ~ e

-

b & NPy
-

2.309

A2

-y

- N e

I3

Y

© oW

Ny -
~ o

2,923

N g

2.067

~N
~ -
-

2.200

123

-
Gwn
L2 2
ww
- n
108w
-
LY 2~
W
w »
MNew
Wd we
XY
NN
- i
O
"o

2,323

3,607

'..’...‘Q.'...-..O“"...OO‘.. ’.....

L X"Y -]
Oww
- e
Nen
~n
- N o
NNO
N -
oNe
- g

.0O..0......’..'.'............l.l.“......'..'.'.....’.‘...l..l

teealeccascnnstececscreetacenncaanl

3.600

2.7

2. 867

4.0C0

apeoeoovooooonnann-.
. a A AT M

€.



n‘.
-45.28
-54,.79
-51.02
-44,5¢
-43,0)
-48,03
-68.28

; =4beTe
. 43,47
~44.91
-M.Cl
" =%51.30
-44.22
-43.42
-47.5§
-67.9%
-46.32
-43.03
-44,.52
-53.85
-50.79
~43.78
-43.01
-4T.232
-£S.48
-45.73
-42.6C
-46.21
-54.13
-4S.87
-63.,2¢
~42.63
-47.25%
-61.86
~44.96
-42,13
-43.69
-55.0C
-48.71
~42.58
-52.20
-47.39
-58.19
-44,13
~41.63
-42.27
~56.85
~47.3¢
-41.9¢
-41.93
-47.01
-546.713
-+3.18
-41.1¢
-43.82
~¢tQ. 70
-45.8%
-4l.2C
-4l.72
-48.61
~L1.64
-42.1¢8
-20.468
-44,.0¢
-2.7¢C
44,39
-43.46
-41.5%
~50.01
~41,82
-hl.l8
-40.2¢
=45,51
-82.62
-42.438
-39.R}
-61.50
-52.%3
~44,217
-&0,.15%
-37,82
~45.30
Y419
—htl.%2
-319.117
~6l 2%
~57.72
ELRER L
- _\ "y . l )
PRI 1Y)

PELL
C.5%8
0.182
C.i0?
0.589
0.L3)
Ce287
Q.9
C.4e00
c.en
0.5¢8
c.19a
c.270
9.€15
C.e18
0.417

TP

Calh
(AP BN
l.1021
Co- 10t
roa
(U
[
| AR

L SR

$9.2487

e @ G T - D = G- D A e M D B Ay - > G D T 4PY @ W ED S cuy mm WD Ge § WS Gy W P W D e P W S GEv wis Gup M W P SEN S G n WS NS s § Oy cus W Mgn A e § S G G S aw § OB g = -

X-8%[% PRCFILE PLCY 8LONG

PATYEIN NLMIER

T9.3996

. .

[ ]
. .
* [ ]
* ®
. *
L) L ]
L L]
3 L}
. *

106

SCALE FaCTOR 1S 109%-2

35.55C6

124

2.364 DECREES LATITLDE.

39,7015

19,8923

0.0033

(4] 0.5C00
bd | Q4980
s} 0.4%)
L] 8.4940
. 0.4920
L] ] G.49C0
0 0.4280
of 0.4860
id] 0. 48040
14} 0.4820
of $.4000
L 1] G.4180
e 0.47¢0
L4 ] 0.4740
e} 0.4720
L] ] 0a47C0
L] ] C.48E0
L] ] 04480
of 0.4840
Ld) 0.4420
[ ) G. 4400
L] ] 8.4500
| G.435¢0
hd ) 0.4540
(1) 0.43520
| G.45C0
L3 0.4430
o 0.4460
L X2 0.4440
L] ] 0.4423
o} 0.4400
e} G.4280
o Ga43¢0
sf 0.4240
of 0.4320
1] Ce42C0O
e 0.4200
o} 0.4282
L] ] 0.4240
) 0.4240
) 0.4200
4] 0.4120
al 0.41¢82
s} 3.4140
L 12 0.4120
1] C.41C2
4! 0.4C80
L] 0.43¢0
[ 1] 0. 4340
] 0.%320
| 0.40C)
o 0.2580
se 0.29¢0
s) 0.3540
s} 0.2920
1] ] C.29CO
s] 0.3880
1] ] 0.20¢0
| 0.2842
e) 0.3020
o 0.28C0
af c.3108
L] 9.37¢8
4] 0.2740
e} 0e3720
o 0.21¢0
o} 0.2480
s} 0.3¢e89
o C.2040
L2 ] 0.3220
o] 0.30C0
] 0.3%20
L] 0.35¢80
1] 0.2%40
L] ] 0.2%20
o C.3%30
se 0.:480
L] ] 0.34€C
o} 0.3440
Y] 0.2620
(2] 0.34C0
s| 0.:°20
s 9,324
o 0.1240
ve 31
(]] ¢. 1302
el 0.37¢2
L] ] Q.20
(3} Je tred
ol L LR



-6 .80 PR | L3 32202
~4iade Cetal 1} 125 (] 0. 2182
=40,01 CeS%7 0 . . 3 . . * . * ° [ 23 0.2180
38,22 1eile | L3 ] 0.3140
~42.01 wells | 0.%1:0
-78.47 C.Ctl (3] 0.21Q00
-4l .27 c.f37 |} o) 0.3080
-33.27 1.229 sl 0.22460
-315,.6% 1:Ce2 1} *} 0,300
=-49,17 Co348 | (18 0. 3320
-45.52 Cab30 o . ° ° . . . * * . oo g.3C00
-23.88 l.3ca | of 0.2980
-38.1% 1.237 1} L4 ] 0.2%9¢0
-43 .08 C.701 Ld) 0.2940
=-34.41 c.t9¢ | L] ] 0.2920
=31%.% 1.003 [] - - . L ' 0.2900
37,48 la341 | s | 0.2000
38,81 1.022 | o] 0.2860
~%%.33 Q.1%2 o e . [ [ . . [} ° * L2 0.2040
: =42.31 C.749 1} ~. (4] 0.2020
=37.43 1.30 | LI g.2800
~37.83 1.250 1 L 2N | 0.2780
. ~44.63 Q.547 | Cd | 0.2760
- =~4T.08 J.413 ¢ (4] 0.2740
-38.21 1.229 1 (4] 0.2720
© =36.78 1.456 | LN | 0.27C0
~40.32 Q.56 o . . ° * * * * . L4 [ 23 0.2080
~76.2% c.c1% 1§ \d] 0.2648
~39.92 1.00% | e} 02640
~36.%4 1.524 | s { - 02620
-37.73 1.265 1 [ 3N ] S.2¢08
~47.37 0.43i8 | ) 0.2520
~42.26 C.¢57 | 1] 0.2%60
~36.01 1.4717 |} LI ) 0.2%40
-38.58 1eS32 o ° ° . [ . ® [ * ° . e 0.2520
-41.33 c.6%e ! [ Y] 0.2500
-51.00 Se232 [ 1] 0.24%0
~37.47 1.297 { s | 0.2460
~-35,. 9% 1.729% o LI § 82440
-37.93 1.2%2 ) L } 0.2420
~%56.05 CeinS ) L3 ] 0.2430
~39.03 l.¢19 1 [d] 0.2380
-35.19 1o7~7 o . . ° ® * . . * . . e 0.2260
-15.80 i.€22 1} ° e} 0.2340
~43.29 c.e28 | o] 0.2320
-46.19 c.el8 1 s) 0.2300
-25.64 1.2 1} L | 0.2283
-34.48 1.657 LN | 0.2282
-312,52 <222 1} o] 6.2240
~£7.68 S.131 o 0.2220
-26.5% 1.419 o L] . ] [ . ® ® * 3 . e 0.22C0
-23.83 2.022 ) e | 0.2180
~35.6%5 1.5t s | 0.21¢0
-47.37 L S | o] 0.2140
-3%.59 1.6+ | of 9.2120
-13.78 2.0%0 LN | 0.2100
-33.77 2.2:2 | s | 0.2080
-39,.82 | P b S | o) 0.20¢3
-45.16 Ca®52 ¢ [ . [ . ° . 3 * [ e 0.2243
~34.41L 1.572 1} LN} 0.2320
-32.51 2.3+2 L ] 0.2000
-25.83 1.7 1 e | 0.1980
-85.71 .52 1} o) 0.15¢)
-35.65 1oz~ § . | 0.1940
~22.08% se%87 |} L | 0.1620
-13.2% b W - | v | G.19C0
-42.58 C.743 o ° (] . . [} . 4 ® 3 e g.18%0
-39.03 .1 ) s 0.1260
-32.0F 2ebwl s | 0.1340
-21.51 rON AL I | L 2 | 0.1820
-2¢.5% 1.%22 | L8 | €. 1800
-+6.29 AT | ) 0.1780
~-22.780 2e:5% | L | 0.17¢0
~30.3% .2t ) L2 | 0.1740
-32.8% 2.¢%2 o (4 [ . * (3 * [} * * e 0.1120
=-50.43 [ M | 1] 0.112C0
-2 .43 1.696 1} s | 0.1620
-29.81 PR | L | 0.1000
~30.57 PRI T | s C.1€40
-3r.28 A | el 0.1¢29
=17.9% [P I | LR | C.16Cs
-30.79 L) B | L | 0.1%€9
-28. 11 K . [ ] . . [} [ 3 [ . * » 0.1%720
~32.%a N ] s | 0.1543
~47.513 < 1 of 0.1%20
-20,42 :. ! s | 0.1582
~21.47 ~ ] L) [] 0.14%0
—é9asd r ] L | 0.14¢0
-45.01 < ! of 0.1440
-32,02 b | o | 0.1429
~2¢.1C Y . . ] [ [ . . ¢ (4 ° . . 0.14C0
20,47 4.0 | L | 0.1323
-31.%¢ .- ] L | J.1740
=3%.t5 | TR | * ) 0.12e0
=26.39 [P O | s 0.1
AT AR | . I, ©C.1:00
~i8.38 AP I | L] [} 0.1203
=50.r3 [ 11} 0,128
«20.056 PR ] [ [} . ) . ) . . . L] . 017240
“r 0% LA | 4 [} Jelren
—aaht AT ) . ] 0.1
- Nl el 1 s} Jekird



-21.k4 4,056 1 . | 0.11¢0
-21.80 [FRE % A | 126 L i 0.1143
-3t e.ixd . t €110
-26.8% 4.9 | . ] €.1100
=-21.2? Lele? @ . e ° . ) ° ° . ] * 0.1CE)
=2%.17 5.803 | * 1 0.12¢0
-17.4) 12.834 1} e ] 0.1340
-20.51 9,634 1} L4 i o.1020
-13.79 c.0 1 LT ] 0. 1CGo
~18.52 1l.461 1 . ] 0.0%80
-13.77 2C. 688 |} L4 | 0.0%¢0
-13.92 20.129 | L] ] 0.0940
-22.5%6 Teké9 o . ) . ° [ * ® ° .0 . 0.0920
-15.50 16,796 | L ] €.0%00
R JX Y | AaT,440 | . ] 0.08200
-J.32 Te.525 |} ° [} 0.0880
-0.38 §S.711 t o ] 0.0040
-0.07 95,249 » | 0.0820
-1.2C ¢, Ces . ] 0.0e00
-4.42 tC.14a |} . ] 0.0700
-10.74 294058 ¢ > * ° . . . [ ] . ° ° 0.0740
-37.%9 1.320 e | 0.0740
-15.67 16,672 | L] ] 0.0r20
-12.27 21.697 | L ] 6.0700
-15.884 16,14 | L | 0.0¢e0
T 26029 4,860 | . ] 0.0680
-24.18 €178 |} L] ] 0.Ce40
-18.22 12.2719 1 . ] 0.0620
-19.63 11715 o . ° ° ° . * ° * LI ° ¢.0800
~24.463 s.a7t 1| | ] 1 0.0%580
. =34 .81 1.803 . | 0.05460
-22.4: 7.566 | . [ ] 0.0%40
~20.a1 9.Ce7 |} ] 1 0.0520
-24.28 e.105 1 L4 ] 0.0%00
-42.%C C.6323 ) o} G.0480
~26.66 .51 1 . [] 0.0480
T =232.04 7.C27 o ] o * . * * * * *® ° 0.0440
-25.5%2 €.¢35 | L 4 [] Q0.0420
—313.48 2.2 | s | 0.0400
-32.%3% 2.299 |} L | 0.0280
~3S.44 s.221 ¢ . ] 0.02¢0
-25.19 L.506 L] [} 0.0240
-30,.3% 2.025 M . e 6.C320
-42.86 c.717 1} o] 0.0200
a2} T.REl o [} [ ] ° * * L) [ ° * [ ] . 0.0280
-2€.21 ~.8c5 . b 1 0.22¢0
~29.03 i.tie ) L2 | 0.0240
-45,58 v.531 | L) 0.0223
-31.:7 2,272 1 e | 0.02G0
~27.tl &.:62 | L4 ] 0.0160
-Te.es LT | s | Q.01e9
=28 | LT | L} G.0140
~37.75 1.357 o . . . e . . . * 3 L Y 0.0120
~{G .7 .26 1 LI | 0.0100
“23.8 o611} L 0.0080
.06 L | 0.0080

C.3st | L4 ) 0.0C40

. 8 |} * | 0.7020

2.zs0 ) s | €.32C0

POLE T | e | -0.C020

0,639 ° ° . . ° ° ° * . e -0.0042

Leest 1} L8} -0.CCe2

2.26 |} LI | ~0.C0&0

2.7C2 1t e | -0.0172)

1.155 | L] -0.0:20

d.6:3 | -0.0142

FES LI | . | -0.01ed

2.i0¢ 1} * | -0.01€0

l.edT @ . e O ° . ° ° * * LI -0.02¢0

Ceiv:l | e -0.3220%

1.f30 1 L28 ) -0.C240

PRV | * ) ~0.02¢9

1.933 | LN | -0.02¢0

C.076 1 *] -0.03062

AT | L] ] -0.C3:0

2ec:t * | -0.034)

2.141 ¢ . o . . . L] ° [} . L s -0.02¢0

C.n% ! \X} =-0.02¢9

.67 s -0.04C0

tered LI | -0.2420

2.161 ) .| ~0.Ce40

1ozt L | =0.04e0

Q.u21 1 1] -0,C480

[P | * | -0.0%C0

2.0%1 o * . * L) o * ° 3 * L 2 -0,05%20

1.6 i * | =0.0%«)

0.472 s -0.05¢0

[ PUS | L] ] ~0.C%f0

1.2 ] e | ~C.08&CY

1.0 | .| =0,0820

C.?% ' s ~C.3%40

Qetrd . =0.13r2)

1.e7 & . (] . ¢ ] [ ] [} [ * [ s ~0.,04%6)

t.et ! L | -C.C1C0

[P | e| ~0.07.6

Cotne o)’ -0,0740

Loia | L] =00t

tore ] e | ~S.0710

tovn ) S0.0000

T ! ! . B FUSELRR

A Coi . ’ . . ) . . . ] ’ LN [ PRI
St Lonen P PR YT



-36,22
-41.54
-51.5%%
-18,22
-20.23
-39.41
-57.12
-41.13
-34,8)
-37.82
-45.98
-45.01
-28.04
’,'-,l
-41.91
-57.07
-40.06
-37.42
-39.76
-53.4)
. =43,21
. =38.14

-38.84
. —-4%.%6

-48.84

-39,.53

-38.27

-42.11

-70.89%

-4k .01

-24.93

-40.28

-56.9

-45.53

-37.42
; =29.28

-4%5.00
. =52.94

-41.03
© =39.16
-42.21
-62.43%
-43.75
-39.483
~-40.67
-49.90
~463,28
-40.7%
-40.00
-44.5%

~0.13

—-42.72
-#0.03
~52.2)

; —-55.07

-45.06
-+3.7)
-41.04
—4T7.47
-$2.41
~62.18
-40 .64
64,06
-12.61
-4% .69
-4C.95
~42.25
~%1.27
-49.08
-41.98
-%1.42
~45,21
-59.70
-63,6¢C
-51,3%
-%2.65
-€5,56
-£7.22
-%2.00
-~42.33
-8%,75
-%%.13
~43.43
-4l .48
-45,22
-70.%%
~44.08
~62.28
-43.36
~-<l.86
-%0.86
-&I.21
-4, 5%
—blaY
-tn.2h
Y L]
-42.%1%
—4a, 40
-55.8?
-t P
R N |
-eV.tn

1,508
Cab?2™
C.209
1.21)
1.542
L.108
C.129
c.e'a
e84
1.299
C.5%02
0.512
1.2%2
1.36Y
Q.20
C.140
0.99%
1349
1.028
.12
v.691
t.239
t.169
G.527
C.261
1.05¢
1.221
c.743
c.c2%
0.812
1.18%
c.570
.85
Q.529
1.¢69
1.017
8.%%8
c.225
0.886
1.1C2
a.776
C.07%
G.635C
1.247
C.526
0.355
c.:*1
C.519
1.C0d
C.592
Q.(5%
C.720
C.991
1T
O.17¢
C.498
G.520
C.a38
C.52)
C.240
C.717
€.529
0.826
0.024
n.523
e.ts?
C.771
C.272
Cc.2%1
Q.19
Q.249
C.483
V.104
c.t:8
C.F58
CetS?
Q.142
D428
0.9
C.7°%
0.%S
C.ou¢
C.679
2.405
Ce 565
Q.00
Q.40
jo )
C.e19
C.2%%
C.2:148
Dabng
Col6?
BERRY )
0.051
[RLE TS
N.747
Ca5%7
Celed
[AERE Y ]
OLret
Vet

— . - — A v @ ——— @ = - — T G G W T S WS W e S Y o D W WD e W S A WD o D M e WS D TR G G WP SR WP E S e e S e S D P D e o A S P S ED @ e W S G Gy P S

127

[ ] L
L
-~ -

oo
a0 e
- D o S P > e

-ClCe2)
=C.290)
EORLA TS |
~Jel74)
=0.037¢
-0.05¢0
-0.1C09
-Q.1C20
~0.,1040
~0.1880
-0.1C80
-3.1100
-0.1120
-0.1140
-0.1160
-0.1180
-0.1200
-8.1220
-0.1240
-0.1260
-0.1280
-0.1200
=013
=0.1340
-0.1260
-0.1320
-0.1400
-0.1430
=0.1440
~0.1460
~0.1420
-0 1500
-0.1520
-0.1540
-0.1560
-0.1500
-Ce 1600
-0.,1620
-0.1640
~0.1&¢0
-0.1680
-C.17C0
-0.1720
-0.11740
-0.1160
-0.1723
-0.18C0
-0.1820
-N,1840
‘Jo 1863
-0.12€0
-0.1809
-0.1520
-0.1540
-0.1960
-C.15%0
-0.25C0
-t.,2C20
~3.,234
-0.2080
-C.2C£2
-0.21C0
-0.2120
-0.2140
-0.21¢2
-0.21£0
-C. 2200
-0.2420
-0.2249
-0.,2283
-0,2280
-C.23¢0
-0.2320
-0,2343
-C.23¢9
~G.2:82
-0.24C0
-0.2420
-0.244)
~0.2%20
~C.2480
-0.25C0
-0,2%29
~0.2%40
=0e2563
~0.23e0
~0.26%0
~C.2683
~0,7640
-0.2t¢0
-0 EED
-0.27C0
-0.2t0
~03. 2160
-0.278)
=C.c120
-0,
=0.070
~0.024)
LRV
PR

RS AL



~63,84
-51.4e
-45.0%
~47.%3
-43.68
-8l.6d
~4P L8
~43.48
-44.03
-30.%C
-54.493
-44.88
~43.4%
~46.84
~n.0%
-47.586
-41.70

=48 . B2

~53.08
-52.7M
-45. 02

T -42.%%

-48.C3
-N.07
-41.2%
-44.0C

- =-45,59

-5%.22
-51.2%
-4 .98
-44.43
-49.1&
-8%.92
-47.03
-45.3%
-4&.21
-57ue%
-51.19%
-45.1¢
-%b ST
-50.1%
-61.1&
-47.12
—44.TC
—46.95
-$9,.5¢€
-5C.5%
-45.432
~&S.n2
~-53.%48
-60,01
-47,28
-45.0%
-21.48
-6C.S8%
~50.99
-45.78
-45.8)
-51.55
-59.72
-47,5%
~45.4C
-41,.88
-61.59
-51.27
-46,03
-46.17
-51.87
-60.23
-&7.%2
~45.73
~43.14
-61.31
-51,86
-45.40

- ~46,6%

-51.9¢
-61.58
-4R. 41
-48.0%

_=4E.27

-60.27
-52.5%
~h4 .8
-45,60
~51.46%
-86,17
-49,C<
-46,28
~-68,21%
SR, /H
%305
-4,
~bt 2l

- =81.27

“69.1%
~49,87

BRI 2N

-48,2
-81.0"
2,

“Mmhe e

EL R AL

Cadet
Colle
0.959
c. 712
3.521
Jei233
.29
G.67°
Cet2y
Co2¢3
S 1M
c.%70
G.eT)
G.e54
€.c23
0.419
0.653

574
0.222
0.232
0.570
Cet28
0.:36
0.02d
0.475
0.631
0.525
C.172
0.2¢0

«Ste
0.%%¢
0,248
0.Co%
C.ékl
0.¢07
C.&FS
0.123
C.277
8.552
0.%64

«212
c.ora
Lawbd
g.582
G .ok

- 06
Coc™
g.537
Q.5:¢
c.2¢3
G.1e9
Casl2
C.<%G
C.422
C.0%4
0.282
C.519
C.51!
Q.05
C.t22
G420
C.s27
q.634
g.3u3
0.272
Ce459
0.691
C.2%°
G.Ca1
C.602

_C.s1?

C.392
C.C36
Coent
0.67%
o674
Qe25%
C.%a
€200
[P A |
0,046
c.L67?
0.23%
CaknG
0.4:5
C.202
0,002
9.153
Q.43
L ERLL]
J.11%
ST
Cobl?
C.auth
oo
o2V

Carthy

128

3.2
-0.2G49
0,270
«CalStD
~C. 158D
=0e3323
~Ced3HD
«0.33¢0
-0.3230
-0e3100
‘0.3133
-0.3140
-Q.3180
=0.3120
-0.3200
-0.2220
-0,3240
=0.32060
-0.2289
=0.33C0
-0.3329
-0.3340
=0.33%¢0
-8.2280
-0.,24C0
~0.2420
~0,2440
=0.34¢0
-0.3480
-0.3500
=C.3%520
-0.3540
-0,3560
-0.3320
=0.36u00
-0.,3622
~0.3¢840
-0.2660
-0. 3680
-0.37C0
-0,3720
-0.3740
~0.3760
-0.3720
-0.3800
-0.2820
~0.3840
-0.28£0
~0.5%80
-C.25C0

«2520
~Ce354C
~0.35¢0
-0.2989
-0.40C0
-0.4020
~0,4040
~Je.4CL0
~0.4080
-C.%iC3
-0.4129
=0.%14)
-0.41¢80
~D.41ED
-0.4200
-0.%22C
-0.4240
-0.42¢0
~0,426)
-0,42C2
-0.4322
~0e%240D
-0,43L0
-0.4220
~0.4%4C0
“0.4%20
~0.4440
~0.4460
~0.4648)
-0.65C0
~Q44529
-0.4%40
~0.65¢0
-0.6580
~0e48C3
~0.%620
~0e%b64)
=d.806LC
~0.487)
=Cal3D
-0.41720
“0.6749
-0,47¢0
“Qa%l02
~€.4220
“Q0e4 200
-0,4749
“0.8"09
~0.48850
T RIS
AR AR
ETLT S PAR)



| of -0, 436

} 129 Bl -D4eved
- 23 PR . ’ . * 3 0 - . . - ~0.5%4300
v RTAL eh.0837 7,399 55,5506 39, 101) 19.8%2% 0.0835%
¥-2x1S PRCFILE PLCT AMCNG  0.0B2LCNGITUDE.
PATTERN NLPBER 104
SCALE FACTCR [S 10ws-2
neg, PE4L  9%.3C09 719.8408 $6.8806 26.52C4 15.9L03 0.0001
-25.81 LIS TN L] 3.99%8
-5% .43 C.170 i . 3.9918
-56.21 ee19s | (4] 3.93:8
-33,22 c.213 1} . L] 3.5159
~%7.39 Ca2a0  + . * . ® . . . . 3 e 21,9519
-51.09 c.2:¢ | 4 3,65%9
-51.12 L.c70 | . 3.9519
-55.67 Cez%3 1 *) 3.54239
-5Ce33 €.294 |} L] 3.6159
~55.0 c.212 e 32,9219
-69.%55 cezt? o ] 3.9169
05,05 g.3t7 | L2 3,918
~534i3 0.312 » . + . * ] ¢ ¢ [ [ L X3 2,.90:9
-86.°3 C.%us | : : ] 3.8%5%9
L ToM 2 c.z%0 | v} 3.823719
-51.30 c.272 . 3.897199
-slal C.250 ¢ *] 3.A719
-53.0n 0,222 ¢ LY} 2.2529
EP LI | DS LR L} ] 32,8559
R INS X Cotsy 1 .} 3.F418
40, T2 U.lle o . . ) * . ¢ [} ® . »e 2,829
~6le 4% I R ») 3.%3319
-71.1% C.c21 .| 1.8229
~T4.1n c.0z0 1\ L2 3.8159
-+3.0% Jeen | e 3.80179
-9t S e.its ) »| 3.79%9
- 5%.4% C.tt )} L] 3. 1919
L AP [ U (3] d. 13
“51,%) Sedh’ . ] - [ ] * * . [ [ L] e 2,014
~54,10 [NAS SRR | o 3,269
~ha0t | Y] 3.1:89
YIS B ! L 3] 31519
EE'S FORN Cown 2] 3.7461%9
EEYALE] Barss | 13, 3,119
Y] Sewi b *| 3. 120
~at b MAIE | L3 AT AN
BT AL S . ) 0 . * * . . . 200104
0o, AN ] o AP R Y]
i

- LY



RIS |

L g

it end
“wieed
~43,C6
59,417
~5%0,49
-92,07
~56,0%
=s8l.18
-16.243
=bh.b)
-57,47
-53.65
-51.08
~-49.18
-47.73
~-46.60
-45.73
~45.07
~464,60
-44.30
-44,17
-44,2C
-44,.39
-44.77
—45,34
-46.13

T —-47.21

~48.6%
-50.59
-53,.34
-571.69
-47.27
-66.954
-57.60
-5$2.32
-50.6C
~48.70
-47.32
~-46.30
-45.57
-45.08
—h4 02

- =&, To

—45,51
-45.25
-45,82
—8b.87

C=eT.T2

-49,17
=-5L.1¢
-52.74
—37.6%
-6%.97
~T9.44
~-51.80
-3T7.04
—-%6.33
-52.64
~91.6%
-%t.06
=S0,.%6
-%1.01
-51.50
~92.22
-48:,%3
-495.18
~57.77
-6G,31
—H4.34

- =70.34

~81.k6
—83.%%
-49,27
~30.09
-%3.01
-62.20
—57et 9
-5,

-%1.%5
EE VIR |
~47.65
~44.30
~4%.29
~%%,02
~64.729
-44,32
44,00
-45.07

so=41.01

-51.39
“0hJ. 24

- P

~%9.15
—nbo Yl
-l'l..l)

16,97

=310

=350
-y, ot
~tw,. !

- Vit

S.e
2459
Q.e2
Co2u3
G0
0.212
0,222
Caln?
0.3548
0.01$5
Q.CS9
0.124
C.2C38
0.2719

«247
C.411
0.5668
0.517
C.558
G.589
C.&C9
a.619
Q. 617
0.803
0.578
0.541
0494
0. 426
C.370
0.295%
c.215
0.131
G.Cée2
0.045
0.132
G.216
0,295
0.367
8.431
0.484
C.527
G.357

574
0.578
0.568
Q.546

« 512
C.%bb
0,411
C.248
a.2719
0.206
Cc.131
0.C%s
G.01S
a.o81
Q.141
0.192
0.232
C.262
C.280Q
0.286
C.cql
C.264
0.242
C.2ll
0.174
0.13%
6.0%?
0.061
¢.C20
0.C23
C€.004
C.C03
0,010
0.0%?
g.C78
0.132
Cel®sd
0.25%

«240)
0,41
Q.484%
G.te%
0.5%419
0.611
CotVl
NS5
C.50%
[\ DN
¢.270
C. Ly
€109
[ IR EC
Coliiv
[
1.1
1,202
1,400
R
1,000
Zaut

. o e e e e e ey o e - = e —— P w———
- e . P = s — T = > — A " - o P e - — @ = A S e e W S - —— W m— W —— o o — -

130

-« o pae

3,489
3.07%3
lesi9
2.60359
3.65%7
3.8479
3.8359
3.629
3.6239
3.0159
2,6C19
3.5999
31,5919
3,389
3.57199
3.5679
3.5559
3,5519
3.5429
3.53%9
3, 5219
3.5199
3.5119
3.5039
3,49%9
3. 4079
3,4259
3.4719
3.4629
3.4559
3. 6679
3.,43%9
3.4319
3,4239
3.4159
3.4079
3.39%9
2.2919
3,380
3.3759
3.3679
3.35%9
3.3519
3,3429
3.322%9
2,321
3.3159
32119
3.30:9
3.22%9
2.2879
3,219
3.2719
3.2629
3.25%9
3,247
3.2359
3.23319
2.22:9
3.2159
3.2G79
2,1999
3,1919
2,18239
3.17%9
33,1679
3.15%9
3.1519
3.1429
3.13¢9
3. 1219
3.1199
3.1119
3.10239
2.09%9
2,03
3.08C0
2,019
3. 0540
3.65¢0
3.C460
3,0429
3.0220
3,028
01¢0
2,080
3.0C00
2.74929
2.9949
2.9150
2.%08)
2.9623
2.5%20
2.944)
2,912
245240
2,922)
2,918
2.'34)
2,0
AN

T



=33 4,8}
-Yeall
I0a®?
-24,22
-8, 1)
-4%.,02
-5}.02
-47.51
3947
=-35.28
=244
=30,.41
-28.93
-27.83
-2r.21
-26.29
-26.92
-T7.317
~28.32
-29.97
-32.60
-38.24
-Tm. 3%
-3T.2%
-31.07
-27.67
-25.02
-22.20
=-22.0%
-21.20
-2C.%2
=20.%4
-21 .82
2247
-28.2 4
-2T.46
-29.00

- ~48.67

-22.21
-22.13
-1%.56
-1T.Té
“1a.21
-315.17
-1&.57
=156l
-1%.74
-15.468
7,53
~21.G3
-22.28
-23.12
-13.%0
-17.%2
-10.22

-7.I4%

-£.75

-4.21

-2%3

-1

-1.t8

-CatD

-3.22

“J.n3

~-G.€2

-2.19

-Q.%8

~lel4

“La®w

-1.Ct

-%.37

-5412

~d.38
~1l.6l
~1%. 76
23,27
~33.7
~20.90
~16.74
~t5.%772
-12.%0
-13.38
~-La25
-1%5.79
~liel$
-{ue13
-26,%Q
LELTR &
~i2.54
-2%. 271
-’ .GH
-21.2¢
-19.%5
LR N AR
-J0.T5
PR R
-2%.01
ERY S L
-39, 7y
RIS §8
T I 44
LN |

2,9:4
1,994
1.7R4
1.%18
1.157
Q,1¢s
c.117
0,42}
1.063%
1.72¢
2.287
2.017
1.575
4.033
4,362
4.528
4,508
4,280
2,827
2.7
2.291
1e224
Q.012
1.372
2.19%
4.236
$.609
§.042
T.8468
8.5190
2.557
2.972
2. 489
7.526
6.065
4,141
1.779
0.920
2.8617
6.977
1¢.0%2
12.93¢
15.4280
17.445
18.692
19.637
13.222
16,446
1:.292
8.8139
2.09%8
1.5C1
12.019
21.C#0
20.819
41.044
El. 402
€1.540
.167
15.839
7.323
21.278
$1.455

95576

$9.801
ST.8U}
§31.722
£1.657
19.559
TCalel
60,501
49,428
28.(C55
26, €37
12.229
[ 1 4]
2.00%
S.i21
14,558
1h.238
2C. 10
28.51%2
L9.247
17,:.27
17.747
S 147
L.nid
1.%94
24248
Sahnh
Tau58
3.572
1ead9
tc. 119
Gella
Pacun
£.%719
3.1
| PRV

@ = D TR - - o § O TP . Sy N A N aeh e W

e e e P i e T e B e S e S T e P e e S i - — ) Y e o ) ) = R - - A W ) e it P A s P by P e aath G B g (D W e b e e
- *

131

a4

* s
- —-———

il

o}

s}

4 o
id)

o
s |
*
s |
s |
¢ |
* L] *
s |
s |
e |
. |
PO

*

Ld)

* L
* |
L |
. )
o4 1
. ]
b !
. |
. [ ]
o !
g ]
L |
LA |
L)
\d |

o |
* *
!

1

1

i

]

1

l

L J [
}

- 1
L |
L |
1

1

]

* *
1

1

1

!

|

f

!

+ <
|

i

!

i

[

|

)

L4 *
]

1

1

. 1

s )
bd !
!

. L]
|

t

}

!

!

* J
. i
. L ]
L
. |

4 {
. |
|

{

. |
L34 13
. d
LI |

*

vl

LI

. ]

2.412)
2.0649
2.8%6)
2.8602
248430
2,823
2.8249
2.8149
2.2380
2.3000
2.7920
2.7842
2+1700
2.7080
2.7660
2.7520
2. 1440
27360
27289
27203
2.7120
2.7060
200540
2.4880
2.608C0
2.6720
2.6640
246560
2.6480
2.8400
2.06120
246240
2.6160
2.46080
2.40C0
2.5920
2.5840
2.5760
2.5600
2.5600
2.5520
2.5440
2.5360
2.92¢9
2.5200
2.5120
2.%040
244960
2.4%820
2.49C0
2.64729
24640
2.4560
2.45480
2.44C0
2.4220
244240
2. 4160
2.0229
2.4700
2.2920
2.2340
2.37&3

<2860
2.235Q9
2.2520
2.3640
2.3360
2.22¢€0
2.3209
2.2129
2.2340
2.2960
2,23%90
2.2800
2.,2123
242640
2.2569
2,248
2.2402
2.2320
2022490
2.2160
242382
220500
2.,1920
2.:840
2.1792
2.-1682
241400
2.158)
201442
241260
2,1293
2.1:0)
2.°120
241643
205D
RPAL
Yo QO
o020

Sentn)



v

-5, 11
-25.25
~2%9.57
~26.68
-28,72
-22.08
-32.17
~ 10,02
=39%.F2?
-, ?
“3249%
=31.82
-32.05
-33.18
-35.29
-150"
-44,708

- ~-45.78

-48.74
-4).83
-42,20
~42.23
=43451
=446,04
-50.13
-56.64
-¢8.62
=91,79
-1, 12
~52.61
=52.5%

T =89,10

=47.35
-47.03
-43,5¢C
~52.%9

. =B0.t6

-%2.12
-45.51
-42.78
-41.22
40,7

T -41.71

-44.123
-%3.62
—-715.62
-43,L7

L —43.34

-4C.68
-135,96
-40.217
-41.5%

L TR ]

-9%,0?
-%56,00
—44.617
-42,67
-&l1.38

©o=41.00

-hD, %%
~44,02
-82.61
~57.67

ETT O

“Ve
~—a6,84
~6i.37
~45.51
“7.549

~30.45%

T =5T.%Y

-7%.14
~57.%2
-54,00
=%3.5?
-5%4.,%13
ERLES ]

-66.51

= 1h,61

Qe
71,0

T -6%.14

-60,31
-5, 17
~51.%1
~60.27
-1, I
=6l.79
-3, b

LY

EC N PR A

BECRAY

-H4.Y
EX -
-f3.1
~heih
EE R
a1l
40,01
-6f1,01
RN AN N}
LR
.

et !

Solan
t.cel
PR ]
4.3
Gethb
24
1.234
Q.C29
1.c21
1827
2e240
2264
2494
2.193
1.717
1.156
C.577
0.05¢
0,265
0.b44
c.776
C.774
0.668
0.499
0.311
0.147
0.C37
C.003
6.C29
G.117
0.23¢
0.351
0,429
04443
C.276
0.227
0.009
0.248
0.5n7
N.720
C.869
0.905
0.821
0.t22
€.2:0
g.ct?
0.370
C.e31

€.603

1.00%
c.c7C
0.hC4
€.522
C. 195
C.1538
C.415
a.7t1
0.23%
c.2;2
Go713
0.5:9
0.234
0,062
0.¢382
C.455
0.5

0.6
€.129
0.1:2
C.0%(
3.021
U.n8 1L
0.179
.21~
(L]
C.l02
0..0¢
Co0n)
[V

Ve
PR

[P
Co by
DR
C.lr
C.i2

Cornn
Verod

- e @ e e e —m P . ———— ——— P —

- —— P - - —— s B W S ——— e — - - —— -
* - s v o et B i = e P = — T 8 - - @ = W A= am am o

- ——— e ——— -

132

[ X )
-—an e e @ - ——— - -

2.0%60
2. 5480
2.04C0
2.0%00
246249
2.016)
2.0022
2.0003
| P 2
1.9940
1.97¢0
1.9660
1.9600
1.9%20
1.9440
1.9340
1.5289
1.9200
1.9120
1.9040
48980
1.5380
1.8800
1.8720
1.8640
1.85¢0
1.8480
1.84C0
1.8320
1.6240
1.81¢0
1.8080
1.8C00
1.79:0
1.7840
1.77¢2
1.75£0
1. 7600
1.7%20
1. 7440
l.73¢0
1.7220
1.7200
1.7120
1. 1240
1.6%5¢0
1.0382
1.5830
1.6720
1.6640
1.6543
1.64R0
1.54C9
5329
YL
21e0Q
2 w18
1.0320
1.332)
1.5840
1.57¢60
1.%692
1,948
1.5520
1.240
1.52¢0
1.5280
1.5200
1.5120
1.%04%
1.49¢0
1.4980
1.4800
1.4720
[P LEL]
1.45¢0
l.4480
14422
1.4320
1.64249
1.41¢0
1.4080
1.,4CCO
1.3920
1.3840
le37¢d
1.2600
1.2532
1,352
1,3640
1.3382
13749
e
| PSR ID]
1.°640
1.721¢9
1,2743
| RN
| P ]
Lot a)
bo' t)

| AR



-""-: »
—n%.n’
AL TR
-62,2Y
-57.2%
~£3.53
~55.89
-$2.481
~51.8Y
-52.24
-€5.92
-8%.91
-¢9,7¢
-ol.li
-$§9.:9

. —60.4%

~84,12
-71.52
-90.35
ssvees
-15.27

T =-67.3%

-6r.%9
-63.26
-67.26
-81.57

. -62.52

-57.27
-55.2¢
-535.4C
-52.4C
-69.52
-63.0%
-5%.7¢C
~$3.07
-52..8
=-55.12
-6t.CH
-£5.0>
-$?.6"
-3Y.67
-52.11
-54.%1
-+0.2%
-$53..9
-6C.01
-56.5%
~-§5 6%
-S7 .08
~-62.5¢2
~-16.31
-7
w33
-&63.6%
—-¢5.09
~72.6%
-$1.45
(22 ARR ]
-77.67
-6%.71
-6 .57
-61.27
-75.42
-7t .41
-52.42
-%5.00
-53.35
-63.%?
-6%.4C
-al.5
~-59,08
-s+.18
-56.00
-38.%6
-67.1%
-67.65
-%A.74
- T
-St.IH
-93,2%
“¢P 14

2

2.2
[P
Cade?
F Y4
C.127
€.3¥y
Calel
Ces3d
Q238
%.219
PR ]
3.051%
C.32)
g.C83
d.10a
8.0%%
Q.602
0.027
C.C2)
0.0
3.017
0.044
Q.%¢h
0.C69
0.043
0.008
0.C75
0.127
C.17s
8.170
C.12¢
g.023
¢.073
Q.164
C.222
0.227
c.17s
c.c23
0.C:5
0.142
¢.20?
c.221
c.123
0.C97
€.c62
0.C51

247
C.169
Q.11
0.u14
0.C:1
D.040
C.Ch7
C.GES
C.C44
e.321
J3.501
.0

-C12
0.603)
C.Chs
€.241
0.Ci?
Cc.0.7
0.C78
2.i12
c.t2t
0.37%
8.4539
C.04Q
C.l1l
C.1%86
0.15%9
Jells
C.Ch4
Q.42
0.1tls
C.i%%
0.192
g.i09
C.039
G.C2%
0.091
O.lth
C.107
.02
0.C4%
8.c19
0.05%
C.Ch0
C.Cu
0.0
Caleih
[CISAYIVE
.00y
Q.00
et iy
Do
S
C. N
R

 am B e s et - @ e e G @ A " D = m e an ) S G WS g S0 N M P e P G A G A o @ S M I b G T M ) S N AP RS G S A P R e S S e AN G § ST D S e S WP e § B D O D Ay S g P B S W D A Sy § G e e S S e § ew

1.0240
1.Cle0
1.0580
1.0000
8.9920
0.9840
0.9760
0.%680
0.9600
0.9523
0.5440
0.9362
0.%9280
3.9200
0.9120
C.8Ced
0.29¢0
G.5980
0.22Q0
0.0720
C.8640
0.85%500
0.849%0
Q0439
0.8220
G.8240
0.3160
0.80%0
0. 83C0
9.7922
0.7340
0.77¢0
Q.7¢30
C.76C0
0.7520
0.7443
0.736)
0.7289
0.72359
V.7120
0.7040
0.696)
0.4%20
0.6800
Q.6720
0.6640
0.6580
0.64¢0
0.6400
0.6320
“eh24C
0.6180
9.6083
0.4GC)
J.5%922
0.5240
0,57¢Q
0.5680
0,5¢C0
0.5%20
0.944)
0.5260
V.4%2R0
C.4CO
0.5122
C.5740
Caaved
0.4109
a0
Q.s720
00,4049
[{PERYS]
Catna
Cove)
Der3d)



-£d,3In
-8l.r
-o1.Ch
EX LTS T ]
-02.54
-%6.66
-§7.8%
-S.00
-¢5.07
-4§0.23
-62.86
-38.79
-57.92
-$9.41
~&4.1%
-5613
~-66.8)
~8l.062
-50.%7
-61.89

. =65.9%8

-77.00
-715.2Q@
-£8.92
-£3.08
-T70.19%
-75.37
-86.561
sosyne
-37.7TL
~To.48
~71.38
-8%.53
-70.92
-78.61
-T2
-&ha b

T=63.24

-6l.67
-62.35
-¢5.8C
-78.612

«=89.3%

-62 .02
-59.7¢C
~%9.11
~€3.3§
-65.3¢2

T-77.22

-ed.92
~52.22
-5%9.0¢
-59.23

- ~&60.48

8.

Q.09
C.Cny
0.019
C.018
C.0r;
0117
S.Ym
0.100
0.0%
¢.Ct0
0.072
011>
Q.127
0.107
0.0
0.09C5
0.Csa
6.qn2?
0.094
6.082
6.C%0
8.014
g.ar?
G.C36
C.0a0
0.621
0.017
0.005
€.000
0.00¢
8.01%
8.027
6.023
¢.C29
2.012
0.215
0.085
0.071
€.ca8
0.015%
€.Gs51
e.012
0.934
0.078
G.103
d.111
Q.098
8.C61
C.Cl4
Q.C28
0.L073
0.104
C.1c%
0.295
REAL

!
!
[}
|
1
. ° )
1
!
|
t
i
)
!
L] L[] .
1
!
!
1
t
|
L}
[} o L ]
]
|
|
1
1
L}
'
. . .
1
!
]
|
[}
|
i
. . 3
[}
1
1
!
|
1
!
. ° °
!
1
1
1
!
]
i
. . .
$$.2C09 79.3408

NCRF2L TEPSINATICN

[ ]
$5.8808

134

)
35.5204

°
16.9803

*l 0.424)
L] S.a109

o Q.el2)
[ 11 [ PEYVRAY
o) Ce 2822
[ IY 0.214¢)
.} 0.3+
o4 0.3483

(4] 0.1630
Ld | 0.13320

) 0.2440
L] 0.330
of 0.32680

Se 0.2200
sl S.M20

.} 9.3040
e} 0.2960
L 0.2820
14 ] 0.2800
.| 0.2720

i 0.2¢40
L 0.2560
of 0.2480

bd ] 6.2430
] 0.2323
.) 0.2240
.| 0.2183
. 0.2082
. 0.2230

L ) 0.1920
ay 0.1840
*) Q.17490

o 0.163)
ot 0. 1602
bd | 0.1522
1d ] 0.1440
* 0.13¢9

oo 0.1280
b C.1200

of 0.1120
L4 ] 0.1340
o) 0.06¢0
b4 | 0.0030

L4 ] 0.0%09
L4 ] 0.0720
e 0.0640
b 0.05¢0
L | 0.048)
. 0.040)
A | 0.C220
.} 0.2240
L] ] 0.01¢0
bd | 0.0020
te 0.0



6.0 A SUMMARY OF OTHER AREAS OF ENDEAVOR

6.1 The Need For Integration of Antenna Studies With Processor Studies

The University of Texas at Austin Applied Research Laboratory has been
developing a computer model of the SMR radar processor with the goal of
specifying liardware requirements, data rates, etc., for the SMR system.
Communication lines between ARL and PSL have been set up during the latter
part of the Phase I contract period in order to integrate PSL's antenna model
and ARL's processor model into a more realistic total SMR system simulation
model which will eventually be capable of accurately predicting the perfor-
mance of the overall system. Prior to this interchange of information, both
ARL and PSL were using well-developed models of their respective subsvstens,
but both teams had made somewhat unrealistic assumptions about the quality of
the other group's components. Both groups were assuming "perfect™, ideal

performance characteristics from the other's subsysten.

It is felt that a continuing exchange of ideas, results, and data will yield
two important benefits in the shuttle study effort. First, the very act of
exchanging data demands some familiarity with the roles which the antenna,
radar, and processor play and the way they interact with each other and the
rest of the system. Too often this understanding is lacking, resulting in

a poorly designed system composed of independently well-designed subsystems.
By “closing the loop" with a free exchange of information, it will be possible
to provide NASA/JSC with information that will be able to predict accurately
the total system performance. The ARL or PSL models standing alone cannot

do this.

Secondly, any constraints upon the antenna imposed by the rest of the system
can be identified, and vice versa. This will allow bounds to be set on
optimum design reguirements based on errors and uncertainties within other
system components. For example, a user may desire a 25 meter ground cell
resolution over a 100 km swath, but because of filtering problems in the
range compresszor, it may not be feasible to implement so fine a resolution.

As a consequence of this radar restriction, it may be possible to relax
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beam pointing accuracy reguirements. By exploring all such constraints it
should be possible to "box in" a feasible region of acceptable operation.

By making hypothetical tradeoffs within this region, the most cost-effective
system can be specified.

Passing large amounts of data between two widely szparated locations can
become a formidable task unless computer compatible magnetic tapes or disks
are used as the medium of communications. Ar auxiliary computer program was
written to create data tapes from the output of the PSL antenna simulation

program. The contents of these tapes is discussed in th=z next section.

6.2 The ARL SMRA Performance Data Tape

The details of the data tape contents, format, etc., are described in the
Interface Control Document entitled, "The Shuttle Imaging Radar Antenna
Computer Simulation Data Tape" of August 27, 1276. Hence, cnly a brief

description will be given here.

The (one-way) far-field radiation pattern of an array antenna may be written

as the product of three terms.

E(r,6,¢) = Eglr)£(6.¢) g(o,4) (6-1)
. _=jkr
- - !w”e (6-2)
Eo(r) 4nr
where:
£(8,¢) = antenna array factor

5(9.4;)

Only data for |f§] has been stored, since the Ej{(r) term may be calculated

vector element pattern factor

without regard to 6 and ¢. If polarization information is needed, it may

be added quite easily.

A coordinate transformation has been performed to simplify calculations.
Rather than stcre |f(6,$) §k9,¢)|, let

u = sinfcoss

v sinfBcosd (6-3)



137

The advantage of storing f and g as functions of u and v is that more data
points are clustered within the main beam. However, even in the (u,v)-coor-
dinate system, the narrow azimuth beam width of the SMR antenna demands
rather dense discretization. To minimize interpolation errors, at least
twenty points on either side of the main beam (in both u and v) are needed.
This requirement makes storage of the entire (u,v,)-space or, equivalently,
(8,¢)-space prohibitive. Therefore, only the main beam and first two side
lobes have been included. (All other side lobes are nominally 20 dB or more
below the main beam maximum.) Data may be recovered quite easily by using

the procedure described in the ICD.

6.3 SMRA Subarray Preliminary Specifications

The purpose of constructing subarray panels is two-fold:

1. To preoduce realistic simulation and measurement of reduced-size
array behavior and to extend this to a prediction of full-size array
behavior.

2. To verify the ability of near-field antenna pattern measurement
techniques to measure full-scale SMRA characteristics, particularly
in gain, beam coincidence, and cross~polarization levels at X-band.

The specifications on these test panels are based on an estimate of the

tests and measurements that will be required to obtain the above results.

Objective (1) may be achieved by measurement of antenna characteristics
(such as beam shape, footprint coincidence, etc.) under laboratory-simulated
thermal and mechanical stress. Phase I studies have shown this to be
critical, particularly at X-band. Once this baseline simulation has been
done, systematic errors in the mechanical flatness of the scharray can be
induced by mounting the subarray in a standard rigid jig; antenna pattern
would then be measured for the scbarray under these simulated stress
conditicns, which would be used te verify the ability of the computer
simulation mode (developed under Phases I and II) to predict the actual
measured antenna pattorn distortions. Finally, from the measured data nd
the verified computer simulaticon, it should be possible to predici the
performance of the full-scale SHR zntenna, under rosneonse to space condi*ion

thermal stresses, pancl unfclding mocharniszm accuracy, ote.
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To check the above mentiocned near-field measurements, the near-field anterna
patterns (measured at NBS) will be compared with the far-field measurements
taken at PSL.

The measurement specifications and their justifications that are listed here
are based on data presently available, and as such are only preliminary
requirements. As more information regarding antenna behavior is obtained
through interactive graphics simulations of various space environmental
conditions, these specifications will be refined. Final specifications for
the subarrays will be delivered at the cluse of Phase II.

6.3.1 Measurements Necessary to Obtain Desired Data

Both near-field and far-field pattern m=2asurements should be performed to
verify the baseline electrical perfcrmance of each subarray. Near-field
tests will be conducted by NBS (Boulder), while conventional far-field
testing will be done using the 3000' PSL antenna range. A carefully
defined set of electrical performance tests will be issued early in

Phase III. The purposes of using two independent tests are: 1) to compare
conventional far-field testing techniques to the near-field techniques for
the subarray and 2) to establish the testing accuracy and capability of the

near-field techknique, when used for measuring the full-scale SMRA.

Therral tests will be performed on the subarrays, with measurements of
mechanical flatness performed simultaneously. Ideally, the goal of the
thermal tests would be to determine the expected thermal response of the
full-size antenna plus support structure. However, it has been indicated
that the de¢ ign of a support structure that would replicate the performance
of the full-size structure will increarze the svbarray cost to a prohibitively
high level. Conseguently, at this time it is fzlt that it would be more
cost-effective to determine the thermal gradient - mechanical deformatien
relationships between each subarray and a common support structuro. After
this data has been analyzed, separate specifications can be made for the

support structure.
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To provide data on the effects of mechanical deformation on anterna nattern
parameters, an instrumented jig for the subarrays should be obtained so that
simulated random and systematic mechanical errors may be induced into the
subarray surface. 70 obtain pattern data, these tests should be performed
simul taneously with the NBS near-field measurements. In this way, the
effects of mechanical deformations on antenna performance which were predicted
by the computer simulation can be verified, and an extrapolation can later

be made to the peiformance of the full-size SMRA.

The results of these tests will be entered into a more advanced version of
the SMRA simulation model as representative oi space environmental thermal
effects, with predictions made of pattern degrazdation, beam pointing
inaccuracy, etc. Consequently, consideration should be given to the form of
measurement data storage. It is our opinion that the most efficient method
of managing large amounts of numerical information is to generate computer

compatable digital and/or analog magnetic tapes for each test result.

6.3.2 Reguirements Inposed Bv Measurement Facilities

In preliminary discussions with Hughes and Ball Brothers, a 6' x 6' area
subarray was used as an opproximate size. This size estimation was made
using the following criteria: 1) the area was electrically large enough to
allow meaningful electrical and thermal tests which could with a computer
simulation model, be used to predict full-size array rerformance, and 2)

the antenna effective aperature was small enough to conveniently make pattern

tests using both near-field and far-field techniques.

The principal concern of (1) is to minimize the edge effects of the smaller
subarray so that a better prediction can be made for the full-size SHRA.
There are some guidelines in the literaturef, but even by following these
suggestions, the subarrays wouid still be too large for meaningful far-field
Lecasurements. Therefore, criterion (2} is the most restrictive.

¥

c.f. N. Amitay, V. Galindo, and C.P. Wu, Theory and dnalvsis of Phased
Array Antennas, John Wiley and Sons Inc., (New York): 1972, pp. 426-430.
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The rule-of-thumb used by many antenna engineers for pattern testing is that
the separation between the source and test antenna be greater than 2D2/),
where D is the test antenna meximum dimensions. This criterion corresponds
to a )\/16 path length difference between the source antenna and the extrema
of the test antenna. For precise measurement of null depths and side lobe
levels, several times this distance may be necessary. The longest leg of
the PSL antenna range is 3000°', which corresponds to a maximum antenna
dimension of 35' at 1.2 GHz and 12.27' at 9.8 GHz. Using four times the
rule-of-thumb distance corresponds to 17.5' at 1.2 GHz and 6.135' at 9.8 GHz.
This criterion (8D2/)) should provide sufficient accuracy (equivalent to a
5.625° departure from planeness of the incident spherical wave) for all
necessary measurements. Therefore, six feet is the upper bound on the

maximum dimension (azimuth) of the X-band subarray.

Since the subarrays are to replicate the design approaches of the competing
full-size arrays, the azimuth dimensions on the L-band secticn of the
subarray should be 6' also. The elevation dimension of the arrays are open
at this time, but for ease of handling, cost minimization, etc., it is
proposed that it also he limited to six feet. This makes practical sense,
because increasing the elevation dimension will not decrease the edge
effects in the azimuth dimensions. Consequently, the most cost-effective

design for the measurements which are necessary would be a square subarrzay.

The 6' x 6' subarray size can be accommodated by the other test facilities
needed for the measurements described in Section 6.3.1. The near-field
facility at NBS (Boulder, Colorado) can measure both cain and directivity
of this size antenna with an uncertainty claim of better than 0.2 4B at
the 30 level, at both L- and X-bands. PFacilities exist at NASA/JSC and
elsewhere that can perform meaningful thermal and mechanical tests on a

6' x 6' structure.

6.3.3 A Summary of The Preliminary Specifications

The preliminary specifications for the SMRA test pancls, based on the above

considerations, are presented in Table 3.
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3. Preliminary specificatibns for the SMRA test panels.

The size shall not exceed 6' x 6'.
The weight shall not exceed 200 lbs.
The test panel shall operate at 1.5 GHz and 9.0 GHz.

Both horizontal and vertical polarization shall be
available at each frequency.

The cross-polarized component shall not exceed -25 4B
with respect to the principally-pc’arized component.

Two modules shall be present at both frequencies to
demonstrate beamwidth switching.

This VSWR shall not exceed 1.3 in any mode of operation.
The maximum side lobe level shall not exceed 12 d&B.

All array elements, feedlines, and the electrical
design approach shall be the same as that which will
be used on the £full sized antenna.



APPENDIX

This appendix contains the computer listing of the Shuttle Multispectral Radar
2ntenna Simulation Program. This listing was obtained by compiling the program
on the Physical Science Laboratory/New Mexico State University IBM 370/135
computer using DOS FORTRAN IV.

While the majority of this program can be run on any compatible IBM machine,
the user is cautioned to examine all subprograms carefully for calls to
functions and subroutines that may not be standard software items. Special

attention is called to the subprograms PLOT, AXIS, LINE, and NUMBER.
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